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A STUDY OF THE ASYMMETRIC TRANSONIC FLOW PAST
A SHARP LEADING EDGE

By Howarp A, Stine, Cneo B, WacoNgr, and Arnvix L. Luan, Jr.

SUMMARY

A experimental and theoretical study has been
made of the two-dimensional transonic flow past
a 12° wedge airfoil with lower surface inelined 13°
to the air stream.  The erperimental portion of the
study consists of swrveys of the flow field about
the leading edge in a closed throat tunnel near
choking Mach number by means of an X-ray
densitometer.  From these surreys variows features
have been determined; namely, the location of the
stagnation point, the location of the sowie line, the
size of the separation bubble on the wupper surface,
anid the ralue of the Mack numiber at the bubble
edge.  These features were relatively insensitive to
changes in Reynolds omber in the range from
12168 to 3168 based on chord.

The theoretical portion of the study consists of the
calenlation by reloration methods of an unbounded,

ineiseid, two-dimensional flow about a portion of
the same body at « free-stream Mael number of

eractly unity.  The ealewdations yield a ~separation
bubble on the wupper surface which has a ~hape
shown to be compatible with  Enown  theoretical
conditions  for  viscous attachment to  the

surface of the body.

upper

Agreement  between  the  theoretically calculated
and the experimentally determined features of the
flow was good in regions where the local Mach
nwmber was 2 or less.  In regions of higher loeal
Mach  number the agreement was fair. The
theoretically determined Mach nwmber on the bubble
edge was 2.80 whereas the ex perimentally determined
value was 2.30.  The theoretically determined length
of the separation bubble wax 1.54-percent chord
whereas the experimentally determined length was
about 5-percent chord.  The theoretically determined
location of the stagnation point was 0.16-percent

chord from the leading edge whercas the erperi-
mentally determined location was at 0.56-pereent

chord.  The ecrperience gained in  studying the

HAow suggests the possibility that the solnution obtained

v not wnique and that another solution in better
agreement with eeperiment might erist.

INTRODUCTION

The asymmetrie transonie flow about a lifting
airfoil with sharp leading edge may be charace-
terized by the type of flow which exists on the
upper surface.  The various types of flow possible
on the upper surface can best be deseribed by
first. specifying an airfoil of fixed nose angle
and angle of attack and then considering the
flow configurations which develop as the NMach
number is varied.  First, at low subsonie speeds,
the characteristic pattern is that of complete
separation of the flow from the upper surface.
This separated pattern persists with little change
until at some high subsonic Mach number (the
value of which depends on the nose angle and angle
of attack) the flow abruptly changes to a second
tvpe. This second flow pattern is typified by
a small separation bubble on the upper surface
at the leading edge. The flow bounding this
bubble is supersonice as a result of overexpansion
about the edge and thus leads to an oblique
shock wave when it turns to the direcetion of the
surface at the downstream end of the separation
bubble.  The flow then follows the surface, and
its further history is determined by the shape of
this surface. This attached flow pattern persists
until a supersonie value of the free-stream NMach
number is reached (the value again depending
on nose angle and angle of attack) where it gives
way finally to the familiar all-supersonic flow with
atiached leading-edge bow wave.
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Since the second type of flow configuration
deseribed above persists over a fairly wide range
of Mach numbers, these attached flows are of
practieal interest beeause of their effeet on the
acrodynamic  foree  and  moment  parameters.
They are also of interest theoretically  because
they are examples of transonic flows which vield
to theoretical attack. An  experimental  and
theoretical study of such a flow is the primary
concern of the present paper,

The transition from the completely separated
to the attached flow with bubble conficuration
wius observed in the wind-tunnel tests deseribed
in reference 1. The flow bounding the bubble
at the leading edge was clearly supersonic as
evidenced by the attendant oblique shock wave.
Qualitatively similar flows have also been observed
buried in the supersonic flows past blunt plates
and axisvmmetrie bodies of revolution (refs. 2
and 3) and in subsonie flow past sharp airfoils
and a flat-faced exlinder (ref. 4.

A detailled  quantitative picture of the flow
structure in the viemity of the leading edge is,
however, lacking.  The data presented in refer-
1, 2, 3, and 4 are limited to schlieren
photogruphs which are subject to optieal distor-

cnees

tions and  statie-pressure  distribution  measure-
ments which, for practical reasons, begin some
distance back from the leading edge.  Reference
5 presents quantitative flow  feld data abont
Lifting wedges as obtained by mterferometrie
Here again, the flow near the leading
edge is not clearly defined experimentally because
of the deeay of optical resolution in this region.

methods.

A theoretical model which approximates the
observed flow i1s that of inviseid, irrotational flow
past an inclined flat plate of infinite span at free-
stream Mach number 1. Guderley, reference 6,
obtained analytically a small-disturbance solution
to this problem which, unfortunately, does not
specify the troe state of affairs at the leading edge.
However, an exaet solution to this same problem
has  been  obtained numerically by Vineenti,
Wagoner, and Fisher, reference 7, which does
supply these features for an angle of attack of 1:3°,
What is more important, the method lends itself
to easy extension to a general elass of flat-bottomed
airfoil seetions with sharp corners at leading and
trailing cdges.  Within the scope of this inviscid
theory the statie pressure in the separation bubble
s arbitrary. It is therefore possible to construct
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any on - from an infinitude of low patterns forgiven
inclinasion of the flat lower surface.  However,
that particular pattern which corresponds most
closely to flow in a real fluid must be selected to
satisfy  a boundary condition determined from
viscous considerations.

The incorporation of viscosity can be achieved
without empirical information, provided the
boundary laxer can be considered of negligible
thickness at separation and the flow attachment
The
necessary tools are furnished by theories for
boundaryv-aver attachment recently developed by
Chapman, Kuchn, and Larson for the laminar
case (ref. 8), and by Korst, Page, and Childs for
the turbulent case (ref. 9).  Thus, it appears pos-
sible to seleet that particular one from the infini-
tude of inviscid, irrotational, mixed flow solutions
which is compatible with restrictions imposed by
the process of boundary-layer attachment.

an be considered a constant energy process.

The extent to which such a caleulated flow pat-
tern might agree with experimentally determined
puatterns cannot be deecided from the data of refer-
through 5 because of the lack of sufficient
detail very elose to the leading edge, and especially
in the neighborhood of the separation bubble. Tt
may Ibgically be anticipated, furthermore, that
finite thickness of a real leading edge along with
real viscous effeets (in distinetion to the theoreti-
cal viscous effects introduced by the theories of
refs. 8 and 9) would produce departures from the
theore ieal picture in this region. The present
work “vas initiated 1noan attempt to determine
whether such disagreement was apt to be serious.

enees

The experimental portion of the present work
is a determination by means of X-ray densitome-
try of the density field characteristic of attached
transonic flow past the leading edge of a wedge
at angle of attack.  Use of the X-ray densitometer
permitied measurements free of aerodynamic in-
terfere 1ce somewhat closer to the leading edge,
without loss of definition, than has been possible
with other methods.  These measurements pro-
vide information for a comparison with the results
of the second portion of the investigation, which
consists of an attempt to compute such a flow,

EXPERIMENTAL ARRANGEMENT AND APPARATUS

Marschner, reference 10, has studied theoreti-
cally  “he effect of chord-to-test-seetion-height
ratio on the flow over a diamond airfoil for the
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(ay Flow separation over suction surface; Mach number

0.64.

Fircuore 1.

(h) Supersonic attached flow on suetion surface; Mach
niumber 0.70.

Shadow photographs showing optical distortion in two types of mixed flow about the leading edge of o 12°

wedge at angle of attack of 7° and Revnolds number of 1.07 >0 10%

case of choked flow in the wind tunnel. For
moderate values of ¢hord-to-height ratio he found
that the pressure distribution over the forward
surfaces of the nonlifting section was the same,
for practical purposes, as the distribution over an
identical body in unbounded flow at exactly sonte
speed.  Guderley (ref. 11) has obtained the same
theoretieal result for the asvmmetrie flow about a
flat plate at small angle of attack.  The decision
to carry out the present experiments in a closed-
throat wind tunnel was prompted by the expee-
tation that this equivalence would apply also to
a wedge at angle of attack.

Beeause of the tiny volume near the leading
edge within which the interesting features of the
flow are predicted to lie (ref. 7), beeause of the
accompanying steep changes of density gradient
which cause difficulty with optical methods (fig. 1),
and because of the necessity to avoid disruption
of the flow by insertion of probes, it appeared
desirable to gather data with an X-ray densitom-
eter. Tn one of the two arrangements used,
relative movement was required between densitom-
eter and test body. For struetural as well as
acrodynatic reasons, it was advantageous to move
the densitometer with respeet to the fixed test
body. The avoidance of serious complication of
the installation then rendered it infeasible either to
bypass the side-wall boundary lavers or to seal
completely the narrow gaps between the tips of
the airfoil and the wind-tunnel side walls.  Thus,
interpretation of the data required consideration
of end effeets.

WIND TUNNEL

The Ames 1- by 3-footl supersonic wind tunnel
no. 1 is the closed-circuit, continuous-operation,
variable-pressure tvpe, and uses dried, filtered air
as the working fluid.  For subsonie operation, as
in the present investigation, the flexible floor and
ceiling of the 1-foot-wide nozzle are adjusted to
form a smooth, symmetrical, two-dimensional con-
traction followed by a 6-foot-long test seetion
having an approximately constant height of 34
inches.  Speed is varied by changing the area of
a sonic throat downstream of the test section.

Stagnation conditions in the wind-tunnel set-
tling chamber are determined  from
measurements, by means of manometers, and from
temperature measurements, by means of iron-
constantan  thermocouples. A space-averaged
value of stagnation density is determined from the
average pressure and local temperature measure-

pressure

ments by numerically averaging (across the settling
chamber) the loeal densities as defined by the
equation of state for an ideal gas. Nominal flow
conditions at various axial locations through the
contraction, test section, and diffuser are estimated
from measurements of static pressure on  the
nozzle walls in the horizontal plane of symmetry.
The probable relative determining
absolute values of pressure and temperature from
the measurements are 0.5 and 0.4 percent, respec-

errors 1

tively, in the most uncertain cases.
TEST BODY AND SUPPORT SYSTEM
The test body, which spanned the width of the
test secetion, was a wedge of 12° apex angle and of
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Survey zone ’1
2.0 diometer

Seal groove i

Mounting boss not shown

Frovre 2

61-inch chord having a boattailed upper (suction)
surface and blunt teailing edge as shown in figure
2. The steel airfoil was hardened and the sur-
faces were ground and polished until the roughness
was less than 16 microinches, rool mean square.
The lower (pressure) surface was positioned at an
angle of 13° with respect to the longitudinal axis
of the wind tunnel.

Static-pressure orifices were arranged on the
upper and lower surfaces of the airfoil near the
leading edge as shown in figure 2. The spanwise
dimensions given in the figure are nominal;
orifices at corresponding locations on upper and
lower surfaces were displaced slightly from those
quoted for structural reasons.

To reduce maimtenance difficulties, the leading
edge was provided with a radius of approximately
0.0015 inch.  The projected leading edge (virtual
wedge apex) was loeated ina plane 3 inches above
the horizontal median plane of the wind tunnel,
and this formed the axis for the evlindrical polar
coordinates used to map the density field.  Polar
angles were measured relative to the free-stream
divection, and inereased in the counterclockwise
sense when the flow approached from the left.
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Mounting boss

/o Al dimensions in inches
! 0.042 diometer orifices, top and bottom

~—Test bods.

The lover surface of the airfoil thus Iay in the
plane with angular coordinate 347° and the upper
gurface from the leading edge to the ridge line
occupied the plane with angular coordinate 359°.
The C:rtesian coordinate system shown in figure
2 is a vight-hand system having the x-v plane in
the forvard portion of the upper surface and the
v-z plane tangent to the leading edge.

The tips of the rear half of the airfoil were
clampe 1 to  4h-inch-thick  steel  plates  which
replace I the 2-foot-diameter wind-tunnel windows.
The support plates had 3-inch inside diameter
evliindr eal holes bored concentrie with the axis
througl. the projected leading edge.  These holes
could Fe fitted as desived with windows for opti-
cally v ewing the flow about the leading edge or
with tl e X-ray densitometer equipment.  When
either the windows or the densitometer equipment
were it stalled, gaps having a thickness of 0.001]
inch ard a length in the chordwise direction of
14 inches were present at the airfoil tips.

X-RAY EQUIPMENT

The X-ray densitometer is a deviee for measuring
the dersity of a medium by the absorption of
X-rays in that medium.  For use in air, the
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densitometer is designed to take advantage of two
important properties of electromagnetic wave
propagation through air. The first is the relative
opacity of air to X-radiation at wave lengths
greater than 1 Angstrom. The sccond is the
negligible refraction and seattering of radiation at
these wave lengths by inhomogencous air over
relatively short path lengths. Thus, air density
as determined from the absorptive characteristies
of an Xeray beam correspond uniquely to recti-
linear propagation paths through the air.  In the
present investigation, two arrangements of the
densitometer were employed: the so-called “narrow
beam™ arrangement (fig. 3(a)), and the “broad
beam' arrangement (fig. 3(h)). A more detailed
description of the densitometer equipment than
that which follows is given in appendix A.
Narrow beam arrangement.—The narrow beam
arrangement,  hereafter  called  arrangement A
(fig. 3¢1)), had features which met the general
requirements for Xeray densitometry in air dis-
cussed in reference 12, With arrangement A the
density measurement was accomplished by com-

Reference beam -

variable aperture £ \
o

Cold trap
To vacuum pump or
dry compressed air

o “ water
/. . wote

Bakable Op-free
copper-trap

To
mechanmcal
pump fOEE e P .J

Water-cooled
joint

Bellows
Two-way
Diffusion pump

) .. Target cooling

vacuum valve

L lonization gauge -3 "/;, \ J

paring the intensities, as measured by Geiger-
Mueller quantum counters, of two narrow X-ray
heams from the same X-ray source (fig. 4). One
beam was directed through the wind tunuel along
a path parallel to 1 generating element of the two-
dimensional test body, and the other through a
reference chamber wherein a known air density
could be maintained. Both beams had the same
path length and passed through the sume number
of windows. Thus, in principle, the average
density along the propagation path in the wind
tunnel was the same as the known density in the
reference chamber when the tunnel beam intensity
was equal to the reference beam imtensity.

Broad beam arrangement.—The second arrange-
ment of the densitometer, arrangement B, is
illustrated in figure 3(b). To minimize beam
divergence and attenuation due to absorption
outside the test air stream, the X-rayvs were
passed through a 10-foot-long evacuated tube
which was separated from the air stream by a
membrane of organic synthetie material. - Beeause
of the pressure difference between the wind tunnel

Reference
Ge.ger-Mueller tube

To manometer

Reference chamber and
reference X-roy beam

K-ray
generator

Rotatabie
bushing

Test body
&
. -
i E ~
N <1
P Tunnel X-ray beom . S
e -

R4

. ' b,\ f N
' ! . I’ Tunnel Gergei-Muelier tube

() Narrow-beam arrangement, arrangement A,

Fravre 3. —Arrangements of N-ray densitometer.
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X-roy source

To film-132"

Tunne! wall

To
vocuum Test body
pump SN2 wedge)

vocuum Dummy bushing
pump {stationary}

Beom of X-rays Fiim holder
Potyethylene X-ray film
terephtheiate

membrane

= To vacuum pump

(b) Broad-beam arrangement, arrangement B,

Fieure 3.--Coneludad.

Reterence X-roy beam

Test X-roy becm

Coobng water

To vacuum pumps

Collimating tubes

Adjustoble mounts {showing interior beilows)
Genergtor body

Spiral pancake filament {surrounded by cylindrical
focusing electrode}

Target

Moo O

-

Ficure 4.—X-ray generator.,
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and tube, the membrane sagged into the tube and
produced a %-inch gap at the airfoil tip. The
NX-ray source (fig. 4 appendix A) flooded the
zone of interest in the wind tunnel with a nearly
parallel beam of X-ravs. As in usual industrial
and medical radiological practice (see ref. 13), the
N-rays that emerged from the zone of interest
exposed a photosensitive emulsion, which was
recessed 0.008 inch in the tunnel wall, and thus
produced a radiograph of the flow field. Cali-
consisted of a series  of

41

=

hration information
exposures obtained with various known values of
air density in the test section under static con-
All negatives were exposed  identically
and  processed  concurrently.  Analysis of the
radiographs by means of an optical densitometer
then led to the air density distribution.

ditions.

TEST PROCEDURE AND EXPERIMENTAL RESULTS

Before Xeray intensity surveys were made in
the mixed flow about the leading edge of the test
body, certain preliminary experiments were carried
out. These were initiated by calibrations of the
air flow in the empty wind tunnel and by subsidiary
operation and calibration of the X-ray densi-
tometer on a test stand.  Further preliminary
tests involved operation of the tunnel with the
test bodyv in the absence of the densitometer,
joint operation of densitometer and empty tunnel,
and calibration of the densitometer in the presence
of the test body with no flow in the tunnel.
Those procedures which involved densitometer
operation without flow and test body are detailed
in appendix A.

CALIBRATION OF WIND TUNNEL

Experiments in empty tunnel. -Through the
range of Much numbers from 0.60 to 0.90 and
Reynolds numbers per foot from 15 10% to 5105
static-pressure  distributions  were measured on
the side walls of the empty wind-tunnel test section.
From these distributions, gradients were mini-
mized by oadjustment of the flexible floor and
ceiling of the wind tunnel.  The final adjustments
vielded a uniform, slightly favorable pressure
gradient through the test section as is shown in
figure 5(a) for a Mach number of 0.75.  As can
be seen from figure 5(a), the reference orifice for
this and all other citations of tunnel speed was
3.06 chord lengths upstream of the leading edge
of the test bodyv. The vertieal position was at
midheight on the wall of the wind tunnel.

546305 60 - -2

~1

-2
Distonce from leading edge position
Chord of test body

Cp ,Pressure coefficient

per foot

O 2.6x 0%
O 53x i0°

Free -stream total pressure

Boundary loyer total pressure

2,
Py

-6 -4 -
Y Distance from midspaon
%/ ' TSemispan of fest body

(2) Longitudinal static-pressure distribution through test
seetion at  mid-height on  wind-tunnel wall;  Re/ft

=13.8X 108,

(b)) Boundary-layer total-pressure profile on side wall at
leading-edge position.

Calibration of empty wind tunnel at Mach
number 0.75.

Ficvre 5.

Boundary-layer profiles on the side wall of the
wind tunnel needed for evaluating end effeets
were determined by means of impact pressure
surveys,  Surveys were made at the example
Mach number of 0.75 and Reynolds numbers per
foot of 258X 108 and 5.27x10°%  Figure 5(b)
shows the impact pressure profiles so obtained.
Little change in boundary-laver thickness due to
doubling the Reynolds number per unit length is
evident.

Experiments with test body in tunnel.-—With
the test body installed in the wind tunnel, wall
pressures were measured in the vieinity of the
leading edge at points where X-ray survevs were
to be made. These measurements, {vpical
examples of which are shown in figure i),
establish that the pressure distributions were
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substantially the same on both walls of the wind
tunnel, except at distances of less than about
rie=0.02 from the leading edge where some
asvmmetry appeared. It may be noted that by
means of the gas law these pressure distributions
can he shown to be equivalent to local density
distributions on the wall since, to a good approxi-
mation, the nrean wall temperature is equal to
the stagnation temperature,

Further, spanwise distributions of static pres-
sure were obtained from the orifices on the upper
and lower surfaces of the test body. Typical ex-
amples given in figure 6(b) show that the spanwise
variations of pressure were not unduly large.

From shadowgraph and schlicren observations,
the effects on the flow of changes in tunnel speed
and stagnation conditions were qualitatively de-
termined, and the wind-tunnel control parameters
for steady occeurrence of flow attachment were
selected and checked for repeatability.  As 1s 1l-
lustrated by the shadowgraph pictures of figure 7,

M,=0.689

Re= 2x:0f

Re=35x 108

<

12
QL —
25
2 210
e o | Pressure surface
58, —— P l q
22 L ol Airfoil
2 < OJ pressures
" £ K
B g ® Wall
° =4 W[ pressures
B |
c 3 ,
Qo [
! 2 (b) Suction surface
0 L ! ! I ! ] I ! 1 )
-10 -8 -6 -4 -2 0 2 4 6 8 10

YR Ratio of distonce from midspan
/; to semispan of body

¥
2
ihi Static-pressure distribution along span at fixed dix-
tance from leading edge, ric =L 1538,
Fravre 6. -Coneluded.
the flow attached at a Mach number of approxi-
mately 0.69, irrespective of a fivefold variation of
Revnolds number.  The lower Mach numbers
listed represent the upper limit of Mach number
for which the separated flow was stable.  Sini-

Shocklets indicating
turbuient flow

Re - 6.2x10%

Fravre T.--Shadowgraphs showing limiting Mach numbers for stability of two types of fow as a function of Reynolds
minber.
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larly, the higher values correspond to the lower
limit of Mach number for stability of the attached

flow.
DENSITY SURVEYS

Densitometer arrangement A. -Point-by-point
surveys through the flow field about the leading
edge of the test body were made with densitometer
arrangement A at Revnolds numbers of 1.0810°
and 2.03>C10%and a Mach number of 0.705+0.003.
Spanwisc-averaged values of density were deduced
from the time-averaged N-ray intensity data by
means of the procedure outlined in appendix A.
These values appear in table 1 in ratio to values
of the stagnation density in the wind-tunnel set-
thing chamber numerically averaged over both
space and time.  They contain systematic errors
due to end effeets which arise both from the wind
tunnel wall boundary Tayers and from the leakage
through the 0.001-inch clearance gaps at the air-
foil tips. 1t would be desirable to relate these
average values to values which would be charae-
teristic of an idealized two-dimensional test. Un-
fortunately this cannot be done with the available
data. Tt is, however, possible (o estimate the
magnitude and directior of the discrepancies,
Asis shown inappendix A, the measured spanwise-
averaged density values are all believed to be lower
than the values characteristic of the flow at mid-
spatt.  The diserepancey is at most less than 10
percent.

The density ratios at a Mach number of 0.705
given in table 1 are representative of the smallest
opening of the sonie throat downstream of the
test section (speed control choke) which would
allow the steady occurrence of transonic attach-
ment.  Static-pressure  distributions  along  the
wind-tunnel wall show that the flow downstream
of the body was subsonic, and a simple consider-
ation involving the pertinent cross-sectional arcas
suggests that, for these data, choked flow could
not exist at the location of the test body.

When the speed control choke was opened to its
widest value, the tunnel Mach number rose from
0.705£0.003 to 0.737%=0.003, and the corre-
sponding ratio of minimum cross-sectional area
at the speed control choke to the minimum cross-
sectional arca at the body location increased from
0.994 to 1.019. However, despite the fact that
the over-all pressure ratio developed by the wind-
tunnel drive was more than ample to produce
supersonic. flow downstream of the body, the
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downstream flow between the body and the speed
control -emained subsonie.  Although it is possible
that choking did not take place at the body loca-
tion, it s conjectured that wind-tunnel operation
then wes characterized by the presence of two
sonie throats, one at the body location, the other
at the speed control choke. Tt 1s noted that the
theory f Guderley (ref. 11) prediets a choking
Mach number for the present arrangement of
0.726.

With test conditions changed only by the open-
ing of the speed control choke, small but system-
atic X-ray intensity were  observed
throughout the survey zone. These data, in
terms o percentage change in density at a point
in the flow due to opening the speed control choke,
are shovmn in figure 8(a). Inspection of this graph
reveals that the density at most survey points
above the airfoil increased slightly when the choke
was opened.  On the other hand, the density at
all survey points below the airfoil deereased when
the cho e was opened.  The peaks very near the
upper = wrface shown by the curves of figure 8(a)

changes
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can be traced to zones in the flow where the density
eradients are very steep.  The 75-percent density
change, for example, occurs close to the foot of the
attachment shock wave, and suggests that up-
stream movement of the attachment point took
place when the choke was opened.

Tests were performed to determine the effeets
of humidity upon the flow pattern. For this
purpose a detailed NX-ray intensity survey was
made along a civcular are which was approximately
normal 1o, and passed through, the compression
wave associated with  the attachment
This survey was repeated for various values of
absolute humidity of the wind-tunnel air stream.
As is shown in figure 8(b), an increase of humidity
resulted inan upstream movement of the wave,
It is indieated by the figure that a humidity level
of 0.00025 pound of water per pound of dry air
would, if doubled, cause negligible movement of
the shoek wave.

Meaningful values of density very near the
surface of the test body could not be obtained
with densitometer arrangement A because the
surfaces of the model were deflected slightly by
acrodyvnamic loads and thus introduced variations
in angular intensity distribution of the reflected
N-rays.  Beeause of mahility to calibrate ac-
curately for this consistently, the surveys were
normally terminated at distances from the body
surface of 0.40-percent chord. In two tunnel
runs it was possible to obtain what appeared to be
suceessful calibrations and surveys into the re-
flection zone, and data were recorded for points
closer to the surface.

proeess.

Densitometer arrangement B. —In densitometer
arrangement B the X-ray source was positioned
very nearly on the axis through the projected
leading edge of the test body.  Beeause only
minor reflection effects were encountered with this
arrangement, it was possible to obtain interpre-
table results to within 0.10-percent chord of the
surface.  For this reason, survevs at the test
conditions established for arrangement A were
duplicated with arrangement B in order to gather
additional mformation adjacent to the surface.
Beeause of the speed with which radiographs
could be taken, it was feasible to X-ray the
separated flow pattern which preceded attach-
ment. These radiographs and others taken at
extremes of the wind-tunnel Reynolds number
range provided much of the data for determining

the effects of Revnolds number and Mach number
on the flow pattern. They proved also to be
indispensable 1in locating the stagnation zone on
the lower surface of the body and in determining
the size and shape of the separation bubble,
Positive prints of seleeted  radiographs are
Ulustrated in figure 9. In these illustrations, the
whiter hues correspond to lower values of the
density; the blacks, to Beeause the
density range covered by the film exceeds the
lutitude of the reproduction process, a  detailed
rendition of all portions of the flow field is 1m-
possible on a single print. Because of this diffi-
culty, prints prepared from the same negative but
having different exposure times are included for
cach of the Hlustrated flow conditions,
discussed 1 appendix A, the
absolute density values deduced from the radio-

higher.

For reasons ,

() Separated flow, M - 0.681.

Fravre .- -Radiographs showing two types of mixed
flows about a sharp leading edge at a Reynolds number
of 2.0 108,
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Frevre 9.-

graphs are less reliable than those obtatned with
arrangement A and contain systematice errors of
unknown magnitude.  Beeause, however, of their
utility in tracing constant-density lines in the flow
ficld, especerally in the neighborhood of the sepa-
ration bubble, certain values have been ineluded
in table 1.

RESULTS OF THEROETICAL CALCULATIONS

As was pointed out in the introduction, the
mvisewd solution to the problem of the inelined
flat plate at NMach number 1 contains the static
pressure it the separation bubble as an assignuble
paramcter.  Therefore, within the framework of
the inviseid theory, an infinite family of solutions
is possible at given angle of attack.,  Some viscous
flow condition is consequently needed to rewder

the problem unique. The present situation is
completely  analogous to the problem of the

mviseid flow over a subsonie airfoil where the

73T,

Coneluded,

Kutta rondition at the trailing cdge is required.
Fortunately, a similar condition in the form of a
require nent on the process of attachment of the
separat »d boundary laver has become available.
Althougsh the treatment which follows applies
specifically to purely Taminar attachment of the
boundary layer, a similar treatment can readily be
given to the process of turbulent-boundary-laver
altachrent (ref. 9.
CONDITIONS IN ATTACHMENT ZONE

Chay man, Kuehn, and Larson (ref. 8) have
developed a theory of the mechanism  which
determines the static pressure in a separated
region, and have established a corollary relation
betweer the Mach number on the boundary of the
separated region and the Mach number down-
stream of attachment.  This eriterion 18 based
uport tie assumptions that the boundaryv-laver
thickness 1s negligible at separation, the flow s
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adiabatic, and the separated boundary layer is
laminar at least through the attachment zone.
For the case of leading-edge separation under
study, all these assumptions appear reasonable.

In supersonic flows the attachment criterion
can be put into a form relating Maeh number on
the bubble boundary with the flow deflection
which ensues as a result of the attachment process.
Sinee specifying the Mach number implies fixing
the static pressure, and since this pressure s
assumed to exist throughout the bubble for the
inviscid solution, these results, obviously, relate
the bubble static pressure to the defleetion angle
at attachment.  Unfortunately, this relation can-
not be imposed on a given body a priori beeause
the bubble shape, and thus the deflection angle,
is not known until a bubble pressure has been
assighed and an inviseid solution has been ob-
tained on the basis of this pressure. To satisfy
this requirement precisely therefore; iteration is,
in general, required.  Thus, the attack used here
was simply that of seleeting w bubble-edge Mach
number of 2.80 for the initial trial value, calen-
lnting the inviscid flow by the method given in
appendix B, and then comparing the resulting
value of deflection angle with that required o
satisfv the viscous attachment relations of refer-
ence 8. As will presently become evident, the
agreement achieved was sufliciently good  that
further work was deemed unnecessary,  These
considerations are epitomized in figure 10.

Figure 10 shows, first, the relation between the
flow deflection angle at attachiment and the Mach
nmuwmber on the boundary of the separated layer
ag predicted by the laminar attachment theory of

referenee 8. Curves are shown both for deflee-

Theory for inviscid flow ot Moch number one ‘7
ef.
S © (2° wedge with lower surface inclined 13° /
r 020 4
o O O Flot plate ot 13° angle of .
S5 Pt
= attack oot
S s
=s e
= 7
sE A"
29
= /—CI—,Q
e Wi ot” [ —
350 e ~
resen
cE calculations Theory for laminor §/,=
S affachment-Ref.8 Iy
— - g
Ly 5 Oblique shock compression’ [/
Prandtl Meyer-compression’
o] I 2 3 4 5 6 7 8

Local Mach number upstream of ottachment zane

Fraure 10, Relation between Mach number on sepa-
ration streamline and flow deflection at attachment.

tions associated with an attached oblique shock
wave and with a Prandtl-Meyer compression,
The predicted flow deflection angles which accom-
pany purely laminar attachnient are seen to he
moderate in magnitude whatever the supersonic
Mach number on the bubble boundary. In fact,
a maximum deflection of ouly about 124° is pre-
dicted for a Mach number of approximately 3.
Also, as is obvious from the figure, whether the
attachment process takes place as a Prandtl-
Mever compression beneath the foot of the shock
wave or as a turn through the oblique wave the
predicted  deflection angles are essentially  the
same,

The deflection angles for the inviseid flow, which
represent the results of the present caleulations for
a Mach numiber of 2.80 on the bubble boundary,
and the caleulations of reference 7, for a bubble
boundary Mach number of 5.88, are also included
in figure 10, Two values of deflection angle are
plotted at each of the given Maeh numbers. The
lesser values corresponds to the flow impinging
on the upper surface of the basie flat plate, whereas
the greater values of defleetion angle apply to
attachment on a sharp wedge having a nose angle
of 12°. These latter values were found by the
addition of thickness to the basie flat plate, which
does not alter the mviseid solutions provided the
body slope remains discontinuous at the leading
edge and the attachment shock wave does not
influenee the upstream zone of subsonic flow.
The deflection angle in each case was then estab-
lished by the intersection of the caleulated sepa
rated streamline with the added upper surface. It
is seen that the deflection angle for the wedge
corresponding to the present solution compares
very favorably with the value predicted by means
of the attachment theory for a Mach number of
2.80.

It is perhaps worth noting that it has been indi-
aated so far that the direet problem of finding the
flow associated with a given shape of upper surface
an be solved by these methods only by means of
an iteration process.  Almost trivial by compari-
son iz the inverse problem of fitting a compatible
upper surface 1o a given theoretical How.  All that
need be done n prineiple s to arrange that the
surface interseet the separated streamline of known
Alach number at the angle specified by the curve
of figure 10 and that the resulting attachment
shoek wave not affeet the upstream subsonie flow,
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A multitude of upper surface shapes, not neces-
sarily flat, obviously ean be so constructed for
weh of the two given inviseid flows.

CALCUATION OF INVISCID FLOW

The inviseid, irrotational flow about a flat plate
airfoil at angle of attack of 13° was calculated for
a freessteeam Maeh number of unity and for a
Mach number of 2.80 on the separation stream-
line. The details of this caleulation are given in
appendix B and the stream function so caleulated
is presented i table T Salient features of the
flow ficld are compared in figure 11 with the
features of the flow field given in reference 7.
Specifically, the Toeations with respeet to the air-
foil of separation strewmlines, limiting Mach
waves, and sonie lines are compared.  The flow
ficld shown refers either to the basie flat plate or
to the wedge. The flow Hines stop at the “thickness
added™ line when the wedge is considered.

The Mach number assigned to the separation
streamline in the caleulations of reference 7 was
588, a value just high enough that the limiting
Mach wave, which divides the interdependent
mixed flow portion of the field from the inde-

pendent all-supersonie portion on the upper sur-
face, criginated at the leading edge (fige, 11 (D).
In corstrast, the Mach number assigned to the
separation streamline in the present ease was 2.80,
and the new ecaleulations put the foot of the
limitinz Mach wave upon the separated streamline
0.045-percent chord back from the leading edge.
Thus, 1s is explained in appendix B, the subsonie
field bccomes dependent upon the bubble pressure.

The most profound effect of deereasing the
separation streamline Mach number from 5.88 to
2.80 is seen in figure 11(a) to be a growth of the
separation bubble, in the case of the wedge, from
a length of 0.38 to 1.59-percent chord, a factor of
about ‘. As a corollary effect, the portion of the
sonic ine which determines the shape of the
bubble for the plate grows by a factor of about 10.
This growth, however, does not also extend to the
bubble thickness.  Thus, the bubble of reference
7 for a separation Mach number of 5.88, although
shorter actually is not us slender as that for the
lower Zlach number of 2.80.  Consequently, the
angles ol intersection of this bubble boundary
both w th the top surface of the flat plate and with
the top surface of the 12° wedge are greater than
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the intersection angles of the longer bubble.  This
more fully illuminates the variation of attachment
angle with Mach number upstream of attachment
for the inviscid solutions (fig. 10).

Despite the rather large differences in bubble
sizes, it muayv be seen from figure 11(a) that the
sonic lines and limiting waves are displaced only
slightly from one another. The contours of con-
stant Mach number in the subsonic region (not
shown) exhibit progressively smaller differences as
the Mach number in the field decreases below 1.
This is as was expected at the outset of the caleu-
lations (see appendix B). The stagnation point
is at 0.16 percent of the chord from the leading
edge-- - value indistinguishable from that for the
original calculations,

As 18 explained in appendix B, the present
method of caleulating the shape of the separation
bubble is different from the method used in rel-
erence 7. A comparison between the two methods
was cffected by uwsing the present method to
recompute the bubble corresponding to the bubble
boundary Mach number of 5.88.

546395—60——3

It can be seen

from figure 11(b) that the two methods produce
solutions in satisfactory agreement,

DISCUSSION

Up to this point, the experimental portion and
the theoretical portion of this investigation have
been treated separately. A method based on
simple known considerations of viscosity has been
devised for representing a viscous, mixed flow past
a sharp leading edge at a Mach number of unity
by an inviseid model. Concurrent wind-tunnel
measurements have been ecarried out with a test
body and for flow conditions which approximate
those stipulated by the theory. It is now pro-
posed to compare various features of the experi-
mental results with the corresponding features of
the theoretical findings without dwelling on the
justification for the validity of such a comparison.
Suffice it to state that there is no apparent reason
on the basis of present knowledge to expect large
qualitative differences between the experimental
flow in the immediate neighborhood of a body in
the close-throat wind tunnel under choked-flow



16 TECHNICAL REPORT R—66--NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

conditions and the theoretical unbounded flow past
the same body at a Mach number of exactly
unity.  To be sure, there are numerous reasons,
stemming both from experimental shortcomings
and theoretical predictions, for expeeting quanti-
tative differences between the two flows., How-
ever, these differences, it 18 believed, become small
enough in the region of interest near the leading
edge that valid coneclusions ean nevertheless be
drawn from the comparisons that will be made.

As a preliminary to these compurisons it Is
advisable to examine the experimental results from
an over-ull point of view. To this end figure 12
has been prepared. It shows the experimental
flow ficlds as defined by their density contours for
the test range of Reynolds numbers and Mach
numbers.  The contour plots shown were obtained
from faired curves prepared from the data of table
I. The shock-wave locations were taken as the
locus of points of maximum density gradient and
were extrapolated to interseet the surface to pro-
vide o convenient measure of bubble length. In
most eases shown, whether or not the flow was
completely separated from the upper surface, the
sonic lines (p/p,=0.634) tend to approach the lead-
ing cdge from slightly upstream, which suggests
that they touch the leading edge on the underside.
The stagnation points indicated are from analysis
ol the radiographs and are all located 0.56-percent
chord from the leading edge.

[t is noted that the fields which are characteristic
of attached flow are remarkably alike throughout
the range of test conditions. The inecrease in
Mach number from 0.705 to 0.737 caused only a
slight change in the pattern, including a small but
detectable deerease in the distance from the lead-
ing edge to the foot of the shock wave, which can
be interpreted as a decrease in bubble length from
Hl- to 4%*-percent chord. This was inflerred in
connection with the earlier presentation of figure
8(a). The measured density ratio at the edge of
the separation bubble has a value, determined by
analysis of all of the data in table T, of 0.165.

There was a slight tendeney for the bubble size
to deerease (from 6- to 5-pereent chord) when the
Reynolds number was inereased by o factor of
about 3 at a constant Mach number (compare
plots for Re=1.0X10% and Re=2.7X10%. This
relative insensitivity to Reynolds number change
is in agreement with the theory of reference 8 for
purely Luminar attachment.  According to refer-

enee 3, a change can be expected in attachument
conditions if boundary-layer transition were to
take Hlace within or upstream of the attachment
zone. That the attachment process was definitely
all Tu ninar at Reynolds numbers below 3.5 108
but was possibly transitional or all turbulent at a
Reyvnolds number of 6.2 10% was deduced from
exam nation of the negatives from which the shad-
owgriphs of figure 7 were made.  Corroborative
evidence thut the attachment at Reynolds num-
bers less than 3.53<10% was all laminar lies in the
fact that the average density rutio across the foot
ol the attachment shock wave for the data shown
in figure 12 1s 1.654+0.08, a value satisfuctorily
near the theoretical prediction of 1.63 for a bubble-
edge density ratio of 0.165 (ref. 8).

Figure 13 compares selected features of one of
the er perimentally determined flow patterns with
the available corresponding caleulated features,
Theoretical  contours  were not  obtained  for
p/0,<0.634, except on the bubble. For the flow
above the body gross differences in density con-
tours are confined principally to the region near
the scparation bubble.  For the theoretical ealeu-
lations 1t was assumed that the Mach number on
the hubble boundary was 2.80 and the subsequent
determination of the bubble shape implied, as
showr in figure 10, that this bubble-edge Mach
number fulfilled the theoretical requirements for
laminar attachment.  The experiment, however,
vields a value of 2.30 for this Mach number, which
corresponds {o the average density ratio of 0.165.

One possible reason for the discrepancy may he
that the solution found is not unique, and that, in
fact, two or more theoretical solutions can be
obtaitied and represented in figure 10, That is,
if theoretieal, inviseid solutions were available for
other values of bubble pressure (or what is the
same, the bubble-edge Mach number) they might
show in figure 10 other intersections in addition
to the one already obtained.  If this be true, then
seleet on of the proper solution would have to bhe
made by introducing an additional consideration
stieh 1 s least entropy rise through the attachment-
zone shoek wave. Because, as can be shown
readily by means of the inviseid theory, a decrease
in bu)ble boundary Mach number toward unity
produces an increase in bubble length toward
infinity, it is evident that a new ealeulation of the
invise:d flow field for a bubble-edge Mach number
of 2.39 would produce a longer bubble than that
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shown for a Mach number of 280 Thus it
appears possible that sueh o theoretical solution
would better  with  the  experimentally
determined flow field than that given,

Another reason for at least part of the diserep-

agree

ancy between features of the experimental and
theoretical separation bubbles stems from a con-
ceptual difficulty which avises when one attempts
to reconcile the model for the inviseid flow attach-
ment process with the model for the viscous flow
attachment process.  The model of the attach-
ment process according to the inviseid theory
represents the separated flow by the single distin-
guishing feature of the Mach number on the bubble
boundary, the boundary bemg at the same time
the dividing streamline between a dead-air region
within the bubble and the inviseid outer flow.
On the other hand, the model of the attachment
process according to the viscous theory deseribes
the flow in somewhat more detail. It distin-
guishes between the dividing streamline which
separates the reversed flow inside the bubble from
that which proceeds downstream, and the stream-
line on the bubble edge which delimits the viseid
and mviscid portions of the flow (ref. 8). Thus

Experiment {arrongement HA",/i"ew: 1.9 x 108
Mp:0.705

Comparizon between theoretieal and experimental density contours about leading edge.

one cannot hope ever to achieve simultancous
agreement between the vespective theories as here
deseribed and combined in the matter of bubble
size and bubble-edge Mach number. 1f the
lengths are to be matched using the dividing
streamline as a criterion, the respeetive Mach
numbers thereon ean disagree by a large factor
beeause the dividing streamline in the viscous
case s located in the midst of the mixing layer.
On the other hand, if bubble-edge Maeh numbers
are to be matched, whieh was the course pursued
here, the respeetive bubble engths can disagree hy
a length the order of the hboundary-layer thickness,
a dimension which need not be negligible when
compared to the bubble length. In view of this
diserepancey between the two theoretical models
on which the ealeulations are based, it is to be
expeeted that even though theory and experiment
should agree with regard to bubble-edge Mach
number they should be expected to disagree with
respect. to bubble Tength,

Further possible reasons for the diserepancies
between the experimentally determined and the
caleulated bubbles are two imperfeetions in the

experimental arrangement  namely,  the finite
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thickness of the leading edge and the unsealed
Insofar as the effect of
leading-edge bluntness is concerned, it is known
(refs. 4 and 14) that a sutficiently large nose radius
in comparison to the bhubble length will suppress
completely the formation of a separation bhubble.
Because in the present case (tigs. 2 and 13) the

gaps at the airfoil tps.

Density variation about leading edge at various values of #fe.

leading-edge radius s small when compared to the
bubble length, it is believed that the effeet of
bluntness on the flow pattern is also small.

The cffect of the gaps at the tips has already
been discussed insofar as their influence on the
two-dinensionality  of the flow is concerned.
However, in addition to the two-dimensional
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effect, the leakage through the gaps would tend to
inerease the mass flow whieh had 1o be seavenged
from inside the bubble and would produce an
“open” type of mixing process of the kind dis-
cussed by Korst, Page, and Childs (ref. 9).
Continuity requirements thus would necessitate
a sontewhat larger bubble than would be necessary
if no leakage were present.  Fortunately, some
indication of the magnitude of this effect can be
cained by comparing the hubble length as obtained
with densitometer arrangement A with  that
obtained by means of densitometer arrangement B
at substantially identical acrodynamic conditions
(figs. 12(b) and 12(c)). It will be recalled that
the eaps with arrangement A were 0.001 inch,
whereas with arrangement B the gap between one
tip and the film surface was 0.008 inch and the
gap between the other tip and the membrane over
the evacuated tube was about % ineh. Thus, the
leakage with arrangement B owas at least eight
times that with arrangement A at the one tip and
many more than eight times at the other. A
comparison of figures 12(b) and 12(¢), however,
indicates that the bubble Tength associated with
arrangement. B s little, if any, different from
that associated with arrangement A, Thus one
can state that the effects of tip leakage on the
bubble length were no greater with arrangement
B than they were with arrangement A.

The differences between  the  experimentally
determined aud the caleulated  bubbles
attention iz next called to detailed density com-
parisons as depicted in figure 14
are plotted in the sane form as the distribution
of wall pressures in figure 60, In this form, the
ficure can be interpreted as presenting ameasure
of the agreement  between  experimental  and
theoretical densities at fixed locations in the How
field. Tt mayv be observed that where comparisons
exist, the agreement is, on the whole, quite satis-
factory except in the region near the bubble
boundary where density ratios are less than 0.230
and loeal Mach numbers exeeed 2.0.

aside,

These results

-

Figure 15 presents a typical comparison of
theory with both G-M (Geiger-Mueller) counter
data (arrangement A) and radiograph data (ar-
rangement B) for a radius ratio of 0.0154. It can
be seen that the radiograph data agree well with
theory and the G=M counter data only for the
larger angles (i.e., for the subsonie region).  The
disagreement at the lower angles is not understood.

10 g

8%
£
#
4AF
: Theory
2§ [o] Geiger Mueller data | Mp=074
Rodiograph data Re = 2x108
[¢] 40 80 120 160 200 240
¢ ,degrees

Fravre 15, —Density variation about leading cdge at
ric=0.0154,

Undoubtedly, a large fraction of the discrepancy
can be attributed to numerous experimental errors
of unknown magnitude (sce app. A) which may be
expeeted to be larger for the low densities than for
the high densities.

Conditions near the Ieading edge adjacent to the
lower surface are compared with theory in figure
16 wherein pressure coeflicient computed for free-

Theory (R8=2 Ma =1} :
Experiment (R8=20x10°, M 20726) |

( Arrangement "8 ")

Fravre 16.--Chordwise pressure distribution on lower
surface near leading edge.
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stream Mach number of unity is plotted versus
dimensionless distance along the lower surface.
Except for the discrepaney near the stagnation
point, the agreement between theory and experi-
ment is good.

Finally, it is of interest, in view of the experience
gained in attempting to caleulate the essential
features of the flow under study, to speculate upon
the mechanisms involved in the process of tran-
sonic attachment.  Lindsey and Landrum, refer-
ence 4, observe that, as the speed is Inereased,
attachment oceurs when the supersonic region
near the leading edge has grown sufliciently 1o
promote the required deerease in the upwash at
the leading edge. Wood, reference 14, hypothe-
sizes that a further factor which may influence the
process is the interaction of the terminal shock
wave structure with the separated laver, attach-
ment being prevented unless and until the inter-
action region has moved far enough downstream
that its influence cannot be felt at the leading edge.
Tn addition, it is now proposed in this report, for
bodies comparable to that under study here, to
regard attachment primarily as o natural conse-
quence of alowering of the pressure in the sepa-
rated region. The additional mechanism respon-
sible is the combined scavenging action of the
boundary layer leaving the trailing edge on the
underside of the body and the separated laver
leaving the leading edge.
ditions are established at leading and trailing
edges, the wake becomes effectively isolated from
the subsonic field and the wake pressure then
becomes dependent primarily upon  conditions
established by the pumping action of the respec-
tive boundary layvers.  As the sonic line at the
leading edge continues to lengthen with Imereasing
speed, the separated layer over the upper surface

As soon as sonie con-

is foreed to curve more and more toward the upper
surface as a result of the impingement of comproes-
sion wavelets from the sonie line, Meanwhile,
the flow on the lower surface at the trailing edge
begins to expand around the corner.  When the
separated layver finally impinges upon the wake
from the lower surface, the stage is set for the rapid
establishment of the attached flow condition,
beeause it then beeomes possible for the pressure
in the region between the convergent streams tobe

much less than the pressure in the downstream
wake (refs. 8 and 9).  Sinee the mass flow scav-
enged by the separated layer greatly exceeds the
mass fow reversed by the coalescence of the lavers
from upper and lower surfaces, the pressure falls
rapidl - and therefore the length of the separated
region must decrease.  Equilibrium becomes os-
tablisked when the attachment zone has moved
upstream to a position where the mass flow
reversed into the bubble is just equal to that
scavenged by the separated laver.

CONCLUSIONS

A rheoretical and  experimental study  has
been made of a  two-dimensional asyvmmetrie
transonic flow past a sharp leading edge. The
experitnental portion of the study vields detailed
density distributions as obtained by methods of
Xeray densitometry in the zone from 154 to
within 0.77-percent chord of the leading edge of
122 wedge.  The lower surface was inelined 13°
to the air stream in a closed-throat wind tunnel
operated near the choking Maeh number over w
Reyno ds number range from 13105 10 3108,
From  hese surveys are determined the loeations
of the stagnation point, sonie line, boundary of
separation bubble on the upper surface, and the
alue of the loeal Mach number on the bubble
edge. The theoretical portion develops a means
for representing an unbounded viseous flow at a
free=stream Mach number of 1 hy an inviscid flow
so chosen by known theoretical considerations of
VISCOSHY as 1o satisfy viscous requirements at a
wint in the field. A comparison of the
results of these two portions of the study shows

single

that, i1 general, the essential features of the exper-
imenta ly determined flow ean be predicted by the
theoretical model,

Experiment and theory are in agreement with
regard 1o the following specifie details:

(1) Values of the density at fixed locations in
the flov- fiecld i regions of the flow where the loeal
Mach r umber is 2 or less.

(2) Tnsensitivity of the flow near the leading
edge to changes in Revnolds number,

(3) Values of the pressure coeflicient on the
lower surface of the airfoil exeept very near the
stagnation point,
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The theoretically  determined flow field does
not agree quantitatively with the experimentally
determined flow field in the matters of (a) length
of separation bubble, (b) Mach number on bubble
edge, and (¢) location of stagnation point.  One
reason offered for this lack of agreement is a
possibility that the theoretical solution s not
unique and that another solution in better agree-

316343 60 4

ment with experiment exists,  Another is that the
experimental arrangement. did not simulate with
sufficient aceuracy the conditions demanded by
theory,

Ames Resgarct CENTER
NATIONAL AERONAUTICS AND SPACE ADMINESTRATION
Morrarr Freen, Cavrr., dug. 29, 1959



APPENDIX A

DESCRIPTION OF X-RAY DENSITOMETER EQUIPMENT, DENSITOMETER OPERATION, AND THE
DENSITY DETERMINATION PROCESS

The purposes of this appendix are to deseribe
the X-ray densitometer appuaratus, explain how
it was operated, and indicate the particular ways
air densities were determined by Xeray absorption
(ref. 15). In all prior acrodvnumic applications
of the Xeruy densitometer known to the authors
(e.e., refs. 12, 16, 17, 18, 19, 20, and 21), less com-
plete surveys than those discussed in this report
have been made in simpler flow patterns and these
surveys have been accomplished by moving the
flow pattern with respect to an immobile X-ray
beam or by scanning with a narrow beam with
one degree of freedom (ref. 16). Tt is believed
that the present investigation represents the first
attempt to deal with the rather difficult problems
which acerue when a pattern is surveyed with a
narrow beam moved relative to the flow pattern

ta) General view normal to tunnel wall.

Fravre 17.-

and having more than one degree of freedom. Tt
is further believed that the radiographs produced
in the present investigation represent the first from
which oxtensive aerodynamic data for a fairly
complex flow field have been obtained. Tt is felt
that the experimental results are of suflicient
interest to warrant a rather detailed deseription
of the apparatus evolved for obtaining them and
of its operation,

DENSITOMETER APPARATUS

Photographs of densitometer arrangement A
installe I at the wind tunnel are shown in figures
17 and 18.

X-ray generator.—The structure of the X-ray
generator as used in arrangement A s illustrated
in figure 4. The drawing, a cross section on the

(hy Three-quarter view,

N-ray densitometer arrangement A from N-ray transmitting side.,
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\ | N

te) Three-quarter view, (¢) Close-up showing reference chamber, with heat shield,
and reference Geiger-Mueller counter.

Froure 17, - -Coneluded.

plane of horizontal symmetry, shows the central
cavity of the water-cooled brass housing within
which the X-rays are produced, and the two
cavity extensions which transmit and shape the
tunnel Xeray beam and the reference Xe-ray beam.

As is shown in figure 4, the 0.050-inch-diameter
tungsten target was embedded in a copper stud
which in turn was serewed into a tapped hole in
the wall of the central cavity. The eleetron gun
consisted of a pancake spiral filament of thoriated
tungsten as a source of eleetrons which was en-
closed in a ¥-inch-diameter eylindrical  beam-
forming electrode of nickel.  One filament con-
ductor and the beam-forming  clectrode  were
connected eleetrically, but the gun as a whole
was isolated clectrieally from  target potential
(ground) by means of stand-ofl and pass-through
glass insulators,  The target extended through a
hole in the end of the beam-forming eleetrode and,
for maximum X-ray beam intensity for given
power input, the end of the target was flush with
ty Close-up from same angle as in (e). the inner surface of the end wall of the beam-

Fravee 17, -Continued. forming electrode.  The plane of the filament
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Fravre 18.—View of tunnel window plate and Geiger-
Mueller counter on N-ray receiving side,

spirnl was about 0.10 inch from the surfuce of the
target.

Two holes in opposite walls of the nickel eyl-
inder permitted a portion of the X-rays generated
at the surface of the target to pass out of the
central cavity and into each of the cavity exten-
sions.  Fach cavity extension was essentially
tube  which  contained  0.010-in¢h
diameter apertures.

The tube which transmitted the tunnel Xeray
beam had two such apertures in order to minimize
beam spread, and thus reflection problems; how-
ever, the tube transmitting the reference heam
had but one.  The collimating tubes were ad-
justable  with respeet to the Xeray generator
housing; their axes could be individually translated
while the generator was in operation so as to
place cach in line with the spot of most intense
X-radiation from the target,

The exposed ends of the collimating tubes were
cquipped with 0.0012-inch-thick cellophane win-
dows.  Beeause cellophane is permeable to the
water molecule, and because other small leaks
typical of such an enclosure existed, the cavity
of the NX-ray generator was connected to a con-
ventional, continuously operated vacuum pumping
system. - The  pressure within the cavity was
maintained at less than 107* mm Hg for stable
production of X-rayvs,

The anode-to-cathode potential of the NXe-ray
tube was continuously adjustable in the range
1000 to 7500 volts (direet current) and was regu-
Inted to 0.1 The temperature-limited

collimating

percent.
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emissicn current was also regulated and con-
tinuously adjustable and could be set at any value
within the range 0 to 0.05 amperes.  However, at
power inputs above 130 watts target melting was
experienced.

The X-ray generator as used in arrangement B
had no collimating apertures.  The entive surface
of the Neray target could be “seen” from each
point in the plane of the film except for certain
points in the neighborhood of the test body.  To
prevent incandeseenee within the Xe-ray tube from
exposing the film to visible light, a supplementary
aluminum-coated  film  of polyethylene tereph-
thalate covered the regular cellophane window of
the collimating tube.

X-ray beam positioning and support.—For
arrangement A, the X-rayv generator was linked
to the wind-tunnel wall in such & manner that the
0.0M10-i weh-diameter Neray beam which crossed
the test section could be made to deseribe a
evliinder about the virtual leading edge of the test
body (fig. 2). The radius of the beam path was
established by the eccentricity of a hole in a
evlindrical bushing of steel. This hole carried the
collimating tube of the NX-ray generator, and the
bushing in turn was mated with a precision bore
in the rest body support plate.

A number of bushings with various values of
cceentricity were provided,  Their lengths were
such that their ends were flush with the wind-
tunnel air stream and such that the window on
the end of the collimating tube was ¥%, inch from
the air stream.  The X-ray beam passed into the
air stream through 0.020-inch-diameter apertures
in the ends of the bushings. The test body
lacked 0.001 inch at each tip of completely
spannirg  the test scection and thus provided
clearan «e between bushings and tips.

Rota:ion of a bushing about its axis caused the
X-ray beam to orbit about the leading edge of the
test body.  Rotation of the X-ray generator
about  he collimating tube axis was prohibited
by the arrangement of the vacuum pumps and
interconneeting vacuum pump lines; however, the
X-ray generator had freedom o translate as
demanc ed by the eecentricity of a given bushing.
A protractor arm, with vernier, attached to cach
gear-and-crank driven bushing allowed measure-
ment of rotation angles with an error of +£1
minute of arc. A system of friction locks allowed
al any angle immobilization of bushing with
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respeet to support plate and collimating tube with
respeet to bushing.

The support plate on the opposite side of the
wind tunnel carried  similar bushings.  These
bushings on the X-rayv-detection side of the wind
tunnel had 0.004-inch-diameter apertures at radii
corresponding to those taken by the axis of the
0.010-inch-diameter X-ray beam.  The window
of the Geiger-Mueller quantum counter immedi-
ately behind this 0.004-inch aperture was about
%, inch from the wind-tunnel airv stream.  Aline-
ment of the support plates and construction of
corresponding pairs of bushings was such that the
central portion of the 0.010-inch-diameter N-ray
beam impinged on the 0.004-inch-diameter aper-
ture over the G-M counter window when the
protractors were set at the same nominal value
of angle, ¢.

It need hardly be stated that the machine work
required to accomplish all this was of the highest
quality and precision.  Most of the fits between
eritical  moving  surfaces met tolerance  limits
of +0.0001 inch.

The chamber traversed by the reference Xeray
beam was a 2.75-inch inside-diameter aluminum
eylinder.  This tube was cantilevered from the
reference collimating tube on the X-ray generator
and had provisions for mounting a quantum
counter at the free end. The distance bwtween
the cellophane windows on the ('()llinmfing tube
and the quantum counter was the same as the
distance between corresponding elements in the
path of the tunnel X-ray beam.  The cross-section
area of the X-ray beam which entered the referenee
G-M tube was established by adjustable slits just
ahead of the G-M counter window.,  The reference
chamber was provided with pressure orifices and
iron-constantan thermocouples so that the refer-
ence density could be determined. A controllable
pressure regulator was used to adjust the pressure
of the dry air in the reference chamber.

For arrangement B, as is shown in figure 3(b),
distortion of the radiographs due to divergence of
the Xeray beam was minimized by muaking the
distance between source and photographice emul-
sion laree as compared to the width of the wind-
tunnel test secetion. A brass tube through which
the Xerays pussed connected source and wind
tunnel.  The end of the fairly flexible tube passed
through a rigid supporting yoke which both im-
mobilized and provided for alinement of the X-ray

generator with respect to the test body in the wind
tunnel.  This tube was evacuated to a pressure of
107" inches Hg to reduce absorption losses along
the propagation path between X-ray source and
wind-tunnel air stream. The wind-tunnel air
stream was separated from the evacuated tube by
a 2-inch-diameter (0.001 inch thick) membrane of
polvethvlene terephthalate.  This material is rela-
tively unaffected by weak 2.5 A Xeradiation and
has excellent mechanical strength characteristics.
However, the relatively high pressure in the wind-
tunnel test section caused the membrane to sag
into the tube, thus producing a %-inch (Imaximum)
gap at the airfoil tip.

X-ray detection. The quantum countersystems
used in arrangement A were identical in degign to
those deseribed in reference 12, They included
argon-filled Geiger-Mueller tubes with a quenching
admixture of ethyl alecohol at an absolute pressure
of about 4 inches Hg.  The end-mounted windows
were of 0.0012-inch-thick cellophane.  External
quenching and shaping cireuits were used in con-
junction with the G=M tubes so that all output
pulses were the same size and shape and so that
the resolving time of the combination would be
less than the sum of the dead time and recovery
time of the tubes when in a passive circuit.  The
pulse outputs of the shaping circuits were accumu-
lated and displayed on commercially available
scale-of-ten gas  tube electronie  counters.  An
clectrically operated interval timer with a least
count ol one second simultancously activated and
deactivated the two electronic counters which col-
leeted the outputs of the tunnel and the refere ce
quantum counter systems.

The Xaray film used with arrangement B was a
standard, double-emulsion, cut film.  All film
used in the present investigation was taken from
the same manuflacturer’s lot and was cut into 2-
inch-diameter civeles. The film was held in a
shallow eavity in the wind-tunnel wall opposite
the plastic membrane by means of a vacuum chuek
so that the emulsion surface was recessed 0.008
inch.  The film was exposed to the rays from the
continuously operated X-ray source by means of a
magnetically operated metallic shutter within the
evacuated tube,

The instrument used for analysis of the radio-
graphs is one which is used primarily for the analysis
ol spectrographs. 1t consists of (1) an enclosure
which contains the retractable pickup head, a
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stuble vacuum photomultiplier tube and a projee-
tion screen, (2) a fixed base which encloses a 6
volt, 108 watt projection lamp which, by means of
a lens and mirror, projects parallel light vertically
through the plane of the film, and (3) a movable
bed which supports the film-holder and permits
motion in the plane of the film.

The pickup head has a 0.004-inch-diameter
civcular aperture and is provided with a retracting
mechanism for use when projection of the film on
the screen is desired.  In its extended position, the
face of the pickup head 1z parallel with the plance
of the film and is adjusted vertically such that a
very thin air gap exists between the pickup and the
film. 'This air gap is provided to prevent damage
to the film by seratching.

Parallel light is projected through the film from
below aud enters the 0.004-inch-diameter aperture.
A prism within the pickup turns this transmitted
light into a light-tight tube which in turn relays
the light to the sensitive element of the multiplier
tube. The output from the multiplier tube result-
ing from this incident light is displayed on an
clectronic voltmeter.  This same signal is also
sent to the chart drive servo of an  electronie
recording potentiometer,

The film holder constructed for the 2-inch-
dinmeter film dises allowed rotation in the plane
of the film about the dise center and had an angular
positioning accuracy of =0.08°. Sidewise motion
of the movable densitometer bed was measured
with two standard dial indicators, each with a
maximum of I-inch travel and a least count of
0.001 inch.  Also mounted on the movable bed
was a linear transducer which was sensitive to rela-
tive motion between the bed and the rigid pickup
head enelogure.  The resulting signal rom this
transducer was sent to the pen drive servo of the
potentiometer, and thus a continuous trace of
output from the photomultiplier tube versus
linear displaicement across the surfuce of the film
could be displayed on the recording paper.  Cali-
bration of the linear motion transducer was aecom-
plished with the aid of the dial indieators.

A calibration of the photomultiplier tube with
respect to film density was obtained in the follow-
ing manner: Several films were exposed with no
flow in the wind tunnel and with the air density
known in each case. These films were successively
placed in the densitometer and an average voltage
reading for cach film was obtained. A graph was
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then made of voltage as a function of air density.
The voitages were put into dimensionless form by
referen-ing cach reading to the voltage as obtained
on the image of the test bodyv. This procedure
accoun s in part for differences in film density
which : ve not due to differences in air density.
OPERATION OF X-RAY DENSITOMETER

Experiments with densitometer on test stand.—
The X-ray densitometer in arrangement A was
operated for an extended period of time on a spe-
cially eonstruceted stand which simulated the test
section of the wind tunnel.  Techniques for certain
operations whicli were to be performed during
the wird-tunnel tests were initially developed on
this stand.

Stability of X-ray production: Of first concern
was the production and maintenance of a stable
source »f N-rays.  With the present equipment,
stuble X-ray production could be achieved by
continuous operation at a given X-ray vollage
and X-ray emission current after elapse of a 24-
hour period.  Stability was judged to exist when
repeated samples of quantum counts over arbitrary
but identical time intervals had standard devi-
ations indistinguishable from those of Poisson
statistics (refs, 22, 23 and 24). Counting rates
of about 8,000 quanta per minute were achieved
for density-path lengths of one atmosphere-foot
with 2.¢ 4 radiation through a 0.004-inch-dinmeter
apertur: over the counter tube window.

Movement of Xeray beam: Tests were made
with the stable X-ray source to determine the
effeets ¢f beam movement on the intensity received
on the opposite side of the wind tunnel.  Random
variaticns in repeatability of a given setting due
to clearinees between mating parts and nonrepro-
dueible strains in the positioning mechanism were
reduced until they were equal to or less than the
variaticns due to counting statisties.  Residual
misalinements caused the apparent intensity of
the X-ray beam which crossed the wind tunnel
to vary in a cyelic manner as the Neray generator
was orbited about the axis through the projected
leading edge of the test body. This variation
changec  a small but deteetable amount over
periods of months as a result of creep of metal
and slif page of hold-down bolts; the change being
most 12 pid immediately following realinement of
the support plites.  The apparent intensity vari-
ation dae 1o these beam-aiming uberrations was
handlec as a calibration which was repeated with
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sufficient frequency that the drift effeet was ac-
counted for with negligible uncertainty.

Geiger-Mueller quantun counters: A third series
of no-flow experiments was concerned with the
efficiency, reliability, and resolving time of the
G-M counters used with densitometer arrangement
A. Because of slight physical differences among
individual counters it was a practical impossibility
to obtain identical intensity indications from a
group of them in a radiation field known to be
unvarving. Moreover, the G-M counters had
characteristic curves which depended both upon
the internal concentration of water vapor and
upon age (total number of quanta counted). In
the face of these complications, coupled with the
additional fact that the counters missed counts
owing to finite resolving time, it was a difficult
and time-consuming task to obtain reliable esti-
maies of the intensity of the X-ray beamns.

Beecause it was desired to use G-M counters
in pairs, it became necessary to determine the
ratio of the efficiencies of each pair of counters
which happened to be employed during any given
period of time. Successive exposures of the pair
to the constant source of X-rays for equal intervals
of time provided the necessary information. It
was the more frequent practice, however, to inter-
change counters between the reference Xeray beam
and the tunnel Xeray beam and to deduce the
counter efliciency ratio from the successive pairs
of ratios of tunnel intensity to reference intensity
so obtained.

Because moisture affects their operation, and
morcover because water vapor diffuses {freely
through the cellophane windows used on the G=M
counters, the intensity indications were dependent
on environmental changes of humidity.  To mini-
mize this influence, the counters were stored in a
dosiceator. When in use, the counter windows
were exposed to the somewhat less dry air in the
wind tunnel, except for the brief intervals of time
required to effect the interchange of pairs of coun-
ters or to replace those which had become inopera-
tive. To account for the small changes in intensity
indications incident to these operations and to the
aging of the counters with use, it was the practice
to carty out the interchange experiment periodi-
cally and thus to establish the variation with time
of the ratio of Geiger-Mueller counter efficiencies.

Resolving time of a G -M quantum counting
system is the time interval immediately following

the registration of a quantum during which the
svstem is paralyzed. During a finite time interval,
therefore, the system can receive and record events
for some fraction of this interval which depends
upon the number of events detected.  Thus, the
resolving time must be known if output is to be
rendered proportional to input for a wide range of
inputs.  The resolving times of the counting sys-
tems used with the apparatus deseribed were deter-
mined by use of a cathode ray oscilloscope with a
triggered sweep eireuit.  The method of measure-
ment was similar to that deseribed in reference 25.
Beeause of the characteristics of the vacuum-tube
quenching cireuits coupled to the G-N counters,
the resolving times were less than they would have
been had the quench cireuits not been used.  How-
ever, their use made the resolving times definite
deercasing functions of the inerement of anode
voltage on the G-M counter above that at the
threshold of Geiger counting.  Resolving times
from 300 microseconds near threshold to 70 micro-
seconds near runaway were measured.  Formost of
the tests in the wind tunnel, the most probable
value of resolving time representative of both
counter systems is 133 psee, with a range of un-
certainty between 190 and 100 wsec.

Experiments with densitometer in wind tun-
nel.—The influence of wind-tunnel operation upon
the operation of densitometer arrangement A was
assessed by calibrations in the empty tunnel.
Tests were made to determine the change in aim
of the X-ray beam which crossed the test seetion as
a result of relative movement of the wind-tunnel
walls.  Such shifts as occurred due to operation of
the tunnel drive system and variation of pressure
and temperature at the test section had an un-
detectable effect on aim.

Operation of densitometer arrangement A very
near the surface of the test body, however, was
complicated by the reception of X-rays reflected
from the surfuce of the test body at grazing inci-
dences.  Refleetions inereased the apparent in-
tensity of the tunnel X-ray beam and led to the
impression that a decrease in air density had oe-
curred as the surface was approached.  Although
the reflection effeet alone couldd he handled by
adibrations with no flow in the wind tunnel, the
deflection of the test body due to flow forees so
changed the reflection patterns that precise density
determinations with arrangement A very near the
hody surface were nearly always impossible.
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With arrangement B it was possible to position
the source of X-ravs so that reflections caused
negligible intensity inereases adjucent to the body
surface.  The positioning was done by means of
intensity survevs with Geiger-Mueller counters.
The NX-ray source was adjusted so that the spot
on the target of most intense radiation was near
the axis through the virtual leading edge of the
test body. It was possible with optimum aline-
ment to obtain from radiographs values of density
right up to the image of the body surface. These
values were in doubt, however, because the radia-
tion path was not precisely parallel to a body
generator and also because of deflection of the
body under acrodynamic load.

DETERMINATION OF AIR DENSITY IN THE FLOW FIELD FROM
X-RAY INTENSITY DATA

The experimental procedure for obtaining air
densities in the flow field from the G=M counting
data was essentially one of matehing an intensity
measurement of the beam through the flow field
with a measurement of the beam intensity through
the reference chamber, the density of air in which
being determined by measurements of pressure
and temperature.  This procedure is discussed in
the following in terms of the monochromatic X-
ray absorption law (Lambert’s law).  The X-ray
beams etierging from the collimating tubes of the
densitometer were neither coherent nor monochro-
matic and thus Lambert’s law is not rigorously
applicable. It serves, however, fairly well as an
approximation (to within 2 percent) to the experi-
mentally observed intensity-density relationship
for data taken with the densitometer over density
about  0.000250
(0.000485 slugs/cu t) and provides the only ana-

inerements  equal  to gms/ce
Ivtical expression available to work with simply
and completely.

The first step in the density measurement con-
sisted of calibrating the mechanieal movements
ol the pair of bushings which carried the trans-
mitting collimating tube (attached to the X-ray
generutor) and the receiving G- tube around the
projected leading edge of the model. For this
calibration the tunnel air was statie and the air
densities in tunnel and reference chamber were
measured and, by adjusting pressure in the refer-
ence chamber, made to be equal or nearly equal,
Then the value of the ratio of tunnel G=M count
rate to reference G-N count rate, ¢/, was deter-

nined it cach value of angle, ¢, for which a den-
sity measurement in the flow field was desired,
(The notation is given in appendix (') Before,
and for some runs during and after, this calibra-
tion the ratio of counting efficiencies of the G=M
counters was measured by the interchange of
counters deseribed  below.  From  these data,
ralues of the quantities (Az/AR)g and pp-pp= B8.520
were obtained for each value of ¢ and this set of
corresponding values constitutes the “calibration”
for the given pair of bushings. In the simplest,
ideal case this would give a value of the ratio of
tunnel beant intensity to reference beam intensity
for the rondition pr=pp, which would be matehed
in the flow field run by adjusting reference pres-
sure ard hence reference density, pp, thereby
vielding a measurement of the desired flow field
density, ppr. The flow field density, pr, in this
discussion is, of course, the integrated density
across tae span of the model without diserimina-
tion of houndary layer varintions.

In practice, for the flow field runs the matching
was accomplished by measuring at cach ¢ the ratio
of tunnel G-M count rate to reference G-M count,
rate, ¢/, for three (and sometimes more) different
alues of pg, chosen such that the mateh point
determined in the ealibration would lie inside the
range ol values of (Ax/Apx)g thus determined.
Measured background count rates were less than
the stan lard deviations of the tunnel and reference
count rates in nearly every measurement and they
have taerefore ignored.  The quantity
(Ag/cAg)y was computed from ¢ and the ratio of
G-NM cunter  efliciencies  as  measured again
specificacly for the flow field run (before, after,
and, In some cuses, during).

been

Judging the values
of pg to use in order that the ealibration value of
A/ A%) 1 be bracketed by the values resulting
from th: flow ficld measurements was a simple
matter Hf operational experience.  For each o,
then, ccnsidering the narrow range covered by
the valuss of pg, u straight line was fitted to the
In[(Arls w)g) s pp data by the least sGUaAres
method or by a graphical plot.  In the use of the
least squares method the equation of this line was
computel and solved for pz=p,—8, with the
mateh point value of Inf(Az/Ag)g] from the eali-
bration. The residual density inerement, 8., was
added o this result giving pp, the integrated
density reross the flow field at the position (7, ¢).

The above procedure ean be deseribed in fuller
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detail, and the basis for corrections made to the
density measurements for counter resolving time
can be explained, by now considering the expres-
sions for Lambert’s law and for X-ray beam
intensity. The absorption law states that

T=1,0 4P

(A1)

where 7, is the initial intensity, 7 is the intensity
after absorption over a distance ¥, p is the density
of absorbing medium, and g is the mass absorption
coefficient, which is a function of wavelength and
of the absorbing medium.

Intensity of an X-ray beam in the densitometer
detected by u G-M counter is given by

_Nb

e

(A2)

where N is the G-M count rate, e is the G-M
efficiency, A is the effective “arca’ of collimating
arrangement, Ay is the X-ray quantum.

The ratio of G-M counter efficiencies, er/eg, was
measured by interchanging counters with respect
to X-ray beams detected. Position “one” for the
counters is illustrated in the diagram; G, denotes
counter number 1; G,, counter number 2

T R G
PRI

T r tor ToR g

@

The ratio of count rates, Qy=Nz /N, was de-
termined for this arrangement. By equation

(A2),
0 _NJ! l,elAT)( hy >ﬁ);rﬂ‘i’(
]_N}g-g 73624l3 *1.362[13
Next the counter positions were interchanged.
@ "

The ratio ), was determined, and [rom equation

(A2)

® - — ’(’1 an

ATZ "rfzflr

G=N,,

T ige g

During this interchange of counters the densi-
tometer was operated under conditions such that
ir/ig remained constant throughout. Therefore

o)

(A3)

546395—60——5

and

2 Qz €

All measurements were taken and data were
reduced in terms of the ratio of tunnel count rate
to reference count rate.  Henee, consider the true
intensity ratio as given by equation (A1),

1) ‘)‘—ln & (A4)

11' )()T() Tubpep

e 1 oRC “nigog

From the geometry of the apparatus, yr=yz=!(
(by design), and thus

q:'l: q(,(’_“”"T_pR)

R
and
In ¢=In (%)Z——pl(pr—pg)—f—ln g (AH)
From equation (A2),
_ir (Nolr)( ey e de
== ) (M) ar @

where Q= N;/Ngand it is assumed counter number
1 receives the beam through the tunnel, which was
the standard practice throughout all runs and
calibrations. Combining the above with equa-
tions (A4) and (A5) vields

In(— : ln(‘;'——ln-;fr——ln q,=
Apg

For the calibration data, equation (A7) becomes

.UI(PT_PR) (A7)

ln ‘)” —Ir 11” —In g,=—ulB.

In Q. — (o 1,

(A8)
It can be assumed that g,==7,r/i,e remained the
saume for the flow field run and calibration since
the X-ray generator was operated continuously
under constant conditions with no known changes
in the cellophane windows through which the
beams passed and no changes in the collimating
apertures. Likewise, for any value of o, Ar/dg
remained constant from calibration to flow field
run. 'Therefore, subtraction of (A8) from (A7)
gives

ln%——}:ln[ %1 8?[>:|——#[(P'r pr—B:)
(A9)
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or
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Equation (A7) rewritten shows the relationship
between the measured quantities used as described
at the beginning of this section of the appendix to
deduce values of density. Thus,

]: ~ullpr—pr—0B)
(;\]())

ln[(,l(%? )1‘,‘2]:(“[)’)’?_*_(\1[1 :::-{—ln q,,~u/p1v)

\:\’i\

Slope=pe!

Ar
: (\n Tﬁ+ n a.-,ulpr)

Sketeh (a)

it being observed that at any angle, ¢, pr is con-
stant (as are cp/Agz and ¢,) and also that from
equations (A3) and (A6)

)

For cach angle, ¢, then, in each flow field run a
relationship was established as shown in sketch
(n). From equation (A10) it 1s seen that the value
for Q(@:/Q))'* in the above relation that corre-
sponds to the condition pp=py— 3, is given by

[ Pt T
ln[u(:j)] ffln»[f.z, ,J") ]( 1100)

Time-dependent varintions in ¢/e; were observed
to occur during some runs and calibrations even

that is,

‘NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

when «/e was computed from count rate data
corrected  for resolving time. This change in
counte * efficiencies is attributed to aging effects
in the €5 M tubes, uncontrollable variations in the
water vapor content of the G=M tube gas mixture
during measurements and slight variations in the
applicc  voltages (the G-M tube characteristic
curves did not possess perfectly flat plateaus and,
as mentioned clsewhere, the resolving time was
dependent on the G-M tube voltage).  Account
was taken of this variation wherever possible by
recording times of making measurements at each
¢ and in the data reduction obtaining the valne of
/@ for each ¢ from a plot of ¢/, vs. time. (A
linear .'m'izlt‘ion in §,/¢); with time was assumed
between measurements taken before, after, and in
some instances during a run andfor calibration.)
Where insufficient time data existed, but Q€
variations were measured, the foregoing method
was approximated by simple interpolation.

Geiger-Mueller counter resolving time correc-
tions were applied to the densities in two ways.
Densities from some runs were determined by the
above method using count rate data corrected
The densities from
some cther runs were measured first as above
using uncorrected counting data and then were
correctad by the formula deduced below.

The equation relating observed count rate,
correetad count rate, and resolving time is (refs.
22,24, 26, and 27)

directly for resolving time.

‘\' )
Ne= (ATD)
1 — Ao

where N7 is the corrected count rate, N is the
observed count rate, and o is the resolving time.
Let other primed symbols denote  quantities
which are functions of corrected count
14 Al
Thus,

rates.

Q' \’ (3;:‘\»;,'7- ote.

h A K2

From -squation (All) in combination with the
definiti>ns and relations already introduced in
the prezeding discussion, it follows that

and

(A12)
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Consider equation (Al0a) to be expressed in
terms of . ., @ @i @ @ Then by
substitution in (A10a) from equations (A12), and
by algebraic simplification and rearrangement of

terms it further follows that for the “matching

where

\TICUJ(I— \}3002)(1

condition,”” pp=pr—8,,

111[Q(Q1 ’ilwln[ [0 E /2”

Qc - \ ro"‘) ,C

Q“ 1‘] (A13)

l,_wl:(] - \vmral)(l

and it 18 observed that @y = N7/Ng. Thus equa-
tion (A13) gives the value to use in solving for
resolving time corrected density from the (uncor-
rected) Q(Q/UN"? vs. pp relation. A correction
term, dpr (computed for each ), which was
applied to densities determined using equation
(A100) with the above uncorrected relation, is
readily deduced by examination of the plot illus-
trated in  sketch {(by below. Thus
spr=1InQ(Q2/ Q)10 —In[Q(Q:/ Q) lisj/a, where
In[Q(Q:/Q))" 10 was determined by equation (A10a)
and In{Q (/0?15 by equation (A13). Theslope,
a, was known from the least squares solution for

the line. Computations employing equation
(A13) were simplified somewhat by having

== 0y= 0.

.n[o(

Serp, -p

p':corrected  density

p.=rjensny originolly deterauned
’

Sketeh (b

\Twcaw)(l—‘ ]

DISCUSSION OF ERRORS AND PRECISION OF MEASUREMENTS

The errors encountered in this investigation can
be thought of as arising from two separate sources.
The first of these is the inability of the experi-
mental arrangement to faithfully simulate two-
dimensional flow. The second is the inadequacy
of the densitometer to measure exactly the density
which exists in the non-two-dimensional environ-
ment. These two types of errors are discussed in
the following paragraphs.

Non-two-dimensional effects. —The values of
density ratio appearing in table I contain system-
atic errors which arise both from the wind-tunnel
wall boundary Inyers and from the leakage through
the clearance gaps at the airfoil tips. The pres-
ence of the gaps at the tips, in combination with
the side-wall boundary-layer effect, produces the
situation illustrated in figure 19. Here are plotted
the average density distributions for the smallest
(fig. 19(a)) and the largest (fig. 19(b)) values of
radius ratio as measured with the densitometer
at Mach number 0.705 and Reynolds number
2 10° and the corresponding pressure distribu-
tions as measured locally on the side walls of the
wind tunnel (fig. 6(a)). Also shown are three
calculated curves which represent estimates of the
stream core density obtained by various means.
Remembering that the local pressure distributions
on the wall can be considered to be approximate
density distributions, one notes that for both
values of radius ratio there exist systematic dif-
ferences between the distributions as represented
by average densities across the span and as repre-
sented by local densities on the wind-tunnel wall.
As would be expected as a result of the effects of
the heating in the side-wall boundary layers the
wall density values tend to be lower than the
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1.0

Ratio of quantity to stagnation volue of some quantity

e}
? o}

Measured average density across span :

Measured presiure and density at walls {y/b/2=+|'0:
Yibr2=-1.04

Streamcore dersity colculoted from average :

density. ocross span and density ot walls

Streamcore density colculated from overage

density across spon

Streamcore dersity colculated from pressure

ot walls (b)

o 40 80 120 160
Angle about leading edge from free-streom direction,¢

200 240 280 320 360

(a) rfc=0.0077
h) rle=0.154

Fiaure 19.-—-Comparison of density distributions as obtained by den:itometer with those obtained from wall pressure
distributions.

spanwise average density values. However, very
near the upper surfuce of the body the effect of
the lenkage tends to overcome this influence and
the values of wall density tend to exceed the aver-
age values. Tt can also be expected that the
lenkage would tend to make the wall density
values near the lower surface of the body some-
what lower than they would be as a result of the
heating alone.  These trends are noted to be much
more pronounced for the survey closest to the
leading edge, 0.77-pereent chord (fig. 19(a)), than

they ar: at the largest survey radius, 15.4-pereent
chord (1ig. 19(b)).

In addition to the data shown in cach of figures
19(a) a1d 19(b), three calculated curves are pre-
sented.  All of these curves represent estimates of
the density in the core of the stream as obtained
from the data by methods to be described. The
curves ‘ross one another at an angle ¢ of about
40° for both values of radius ratio. The curve
which lies lowermost on each of figures 19(a) and
19(b) o' angles ¢ greater than 40° (herafter called
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the lower curve) is an estimate of the stream core
density distribution as calculated from the mea-
sured local pressure distributions on the side walls.
The lower curve for each value of radius ratio was
obtained from an average of the measured pressure
distributions on both tunnel walls by the relation-

ships

m:&:(&‘)’

P P P
where the subscripts w and ¢ refer to wall and
stream core values, respectively.  The first equal-
ity in equations (Al4) assumes that boundary
layers and gaps have no effect on the spanwise
distribution characteristic of ideal conditions on
a two-dimensional airfoil.  The second equality
states that the pressure and density in the stream
core are isentropically related.

The middle curves in each of figures 19(a) and

19(b) were computed from the densitometer data
with the aid of the following equation:

_ 2 8 hyd
=} <J g ‘*HL "C“-‘f)

where 5 is the spanwise average density. The
density was assumed to vary linearly ucross the
boundary layer from the wall value p, to the core
value p, as follows:

(A14)

(A15)

[}
p=put(pc—pu) '5/’

0<y<s  (A16)
To evaluate the wall density in terms of the core
density and stagnation density it was further
assumed that the walls were insulated, and that
the static pressure was unvarying across the layer.
Thus it follows that

NY-1
e[
Pu pe

where f is the temperature recovery factor.
Finally, the combination of cquations (A15),
(A16), und (A17) leads to

_(/p) —(pe/p) |1—(8/b)]
o 8/b

(A18)

(A17)

P pelpt
pe 14f [(pifoc) ' —1

The middle curves in figures 19(a) and 19(b) were

~

evaluated from equation (A18) with the tempera-
ture recovery factor f equal to 0.9 and the bound-
ary-layer thickness to airfoil span ratio equal to
1/6. Use of these values assumes that the wall
boundary layers are turbulent and have the same
thickness in the presence of the airfoil as that
measured in the empty wind tunnel (see fig. 5(b)).

The upper curve in cach of figures 19(a) and
19(b) was caleulated by the use of equations
(A15) and (A16). However, in this case the
measured values of both wall density and average
density across the span were used in the evaluation.
Again the ratio ol 6/b was taken to be 1/6.

The discrepancies between the stream  core
densities ealeulated by the foregoing three methods
are attributed to the effects of leakage through
the gaps at the airfoil tips.  They are seen to be
much greater for the smaller radius ratio of
0.0077 (fig. 19(2)) than they are for the large
radius ratio of 0.154 (fig. 19(b)). From the nature
of the assumptions made for caleulating cach of
the three curves and from their relative positions
in figures 19(x) and 19(h) it can be reasoned that
the effect of the gaps at the airfoil tips on the
average density distributions is small compared
to the effeets of the wall boundary lavers. In
other words, the spanwise distribution ol static
pressure is constant over the span except within
a small fraction of the boundary-layer thickness
from the wall. Tt cun further be reasoned that
the density  distributions  obtained  with  the
densitometer are lower than the density distribu-
tions characteristic of the stream core almost
everywhere in the flow field explored.  Moreover,
it ean be inferred that the true values of the
stream core density must lie somewhere between
the middle curve and the upper curve in each of
figures 19(a) and 19(b). Thus it can be seen by
comparing the densitometer data with these two
curves that nowhere in the flow field is the maxi-
mum discrepaney greater than about 10 pereent.

Geiger-Mueller counter data.—Thc precision
with which the flow field density measurements
were made can most readily and direetly be
estimated from the least squares calculation of the
best straight line fitting the (pe, In[Q(Q:/Q)'*D
data from which density was determined at each
¢ (sketeh (0)). The standard deviation in p was
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computed for a representative sample of data
points from the relation (ref. 23)

/k ( iff'—“—)g,\; if;+‘f\?)
AN T
& k N\ 2

won [30-(5 )]

SMZS,R

where
su=38(,)y=standard deviation in pgy
s,p=standard deviation in the measured values,
ek, j;, With respeet to the least squares line

&
Zl: [or;— (m-+ng))?

k—1

I

pru=m~+nky
m=intercept
n=slope of least squares line
k=number of pairs of measured
E!: PR,

ralues  of

For purposes of this calculation p, has been taken
as the dependent variable; In[Q(¢./¢,)'%] has been
taken as ¢; the quantity &,=In[Q((/Q:)}"]., the
value measured in the calibration; and the total
uncertainty is (assumed to be) associated with the
dependent variable, p,.

An uncertainty in p due to the uncertainty in
the measured value of counter resolving time, o,
used to correct for resolving time losses in count
rates, must also be accounted for. A single, most
probable value of o was used for all resolving time
corrections. A plot of values of ¢ versus counter
anode voltage above threshold for a sample of
various combinations of Geiger tubes and counter
circuits typical of those used in the density
measurements was made from which a most prob-
able single value of ¢ and the extreme variations
in this quantity could be determined. Caleula-
tions of density for a sumple of data points were
made with extreme values of ¢ as well as the most
probable value. From the results of these euleula-
tions and a familiarity with the effect of the
resolving time correction on density for various

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

experitnental  conditions encountered (i.e., the
value o (@/¢:)—1, the values of ¢ and ¢, the
magnitudes of the count rates, ete.) and the dis-
tribution of these conditions throughout the flow
fields rins, a guess was made of the value of a
contribt tion, so, to the standard deviation in p.
due to the uncertainty in o.

The independent quantities, s, and s, were
combined to give an estimate of the standard
deviation in the measured value of p equal to
vei 4wy’ Results of computations for various
density measurements showed probable errors in
p runging from 3.8 107% to 1.72X107% for den-
sities in the range 110107 gmjee to 9301070
gm/ee. Hence percentage probable errors of 3.5
percent for densities in the neighborhood of
110>107% gm/ee to 0.2 percent for densities in the
neighborhood of 930<107% gmjce were encount-
ered.

Several sources of random error were present in
the mersurements made for the determination of
density and contributed (o the experimental un-
certainty therein.  The most signifieant was the
normal statistical fluctuation in count rates (see
refs. 2223, 24), the errors due to which propa-
gate through the quantity In [Q(Q/¢) %], Also
included were experimental errors in reading ref-
crence chamber temperature and in regulating and
reading reference chamber pressure.  Random
errors  n reference  temperature and  pressure
were, ol course, propagated to error in the experi-
mental values of pp through the relation p-=(con-
stant) (p/7T).

The maximum experimental error likely in the
measurcments of 7 was about 0.2 percent while
the ma<imum in pg was about 1 percent, with
this muximum error in p, occurring for small
values of pg. For most values of pg the experi-
mental error in py was considerably less than |
pereent  Likewise, then, the experimental error
in pg is about 1 percent or slightly greater for the
smallest values of pp measured and less than 1
percent for all others, being as low as 0.2 percent,
approxi nately, for the largest values.

An expression for the standard deviation in the
quantit 7 £=In[Q(/Q) %] can be derived from the
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rule for propagation of independent errors and the
expression for standard deviation in count rate, N.
Thus, if & is the standard deviation,

\(afz @ *(owl) N aafj)

~:\/:.(‘\I'T+ ‘\ )+4; ( Ny

The deduction of the above expression for s
assumes uncorrected count rates or, if the count
rutes are corrected for resolving time, that any
error due 1o error in o may be neglected and that
VANt is a correct expression for the standard
deviation of a corrected count rate, N. The latter
is a sufficiently good approximation for purposes
of this discussion (however, see ref. 24 for a
theoretical refinement) and the assumption of no
appreciable variation in ¢ is valid over the period
of time which was required to make the measure-
ments for any single density determination during
a How field run. Thus the above expression for
s¢ may be useful in checking the estimate of the
precision of the density determinations at each ¢
made in terms of the least squares line for pg vs.
[Q(Q0) %), (As already indicated, the effect
of the uncertainty in ¢ on the over-all estimate of
precision of the density determinations has been
accounted for independently.)

A sumple ealeulation for the density determina-
tion Jat ¢=40° rle=0.0692, M _=0.705 Fe,
=1.06<10° shows the following. The value of
s, computed for this sample from the least
squares data is 2.152107°  The wvalue of s
computed from equation (A19) is 684X 107"
Putting this in the same units as »,, and using
the (previously stated) assumption that all the
experimental error has been concentrated in pp
un the manner of the example treated on D 62 of
rel. 23), we may solve for a tern yspg® —n*s?, the
contribution to «,, divectly due to the experimen-
tal error in the pp measurements themselves. In
the sample considered here this gives a value equal
to 1.37 < 107" or 0.68 percent of p.  This accords

and

: N Nrs
Ny L T SIS EAL )
SNT:\/' ¢ y 'SNT]A‘\/ f i SNTZ tg ete.

where ¢ is the counting interval. The resulting

equation is

\R,)+4r (\,f\ )

(A19)

well with the independently estimated (limits of)
experimental error in the measured values of pg.

The time variation of the counter efficiency
ratio, (:e.,e’eg)j\"(l)l‘,f('gg, during a run could be con-
sidered to constitute a source of systematic error
in density.  For most of the G-M counter data,
corrections for this were made (as noted following
sketeh (a)) by determining @,/ before, after,
and, in some cases, during flow field runs and
aalibrations, making a plot of ¢,/ versus time,
observing the time of the density measurements
and using the corresponding value of €/@: 1n
(either) computing (or corrccting) density. It
can be stated that such drifts in ¢,/@Q. would lead
to errors in density varying over a set of data
from 0 to 10 or 12 percent, and that the correc-
tions which were applied account for these errors
at least approximately.  The accuracy with which
the /¢, versus time relation is known varies,
unfortunately, by an unknown amount with differ-
ent sets of data (tunnel runs), and it was not
possible to ascertain with precision how good the
corrections are for such systematic errors as are
due to drift in Q,/Q..

For the particular set of densities (and hence
pip for which M_ = 0705, Re,=1.92X10°
rle=0.0923, it is >t10ngly suspected, from an
independent determination of flow field density at
the last point in the tunnel run, that systematic
errors most likely due to drift in @1/€, exist for
which corrections were not directly made owing
to the absence of a proper measure of the terminal
value of /@, The value of density at ¢=2°is
quite probably low by about 9 percent and all other
densities are low by decreasing (but only approxi-
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mately estimable) percentages for the other,
increasing values of ¢ from 4° to 345°. At o

=345° this systematic error is undoubtedly less
than 1 per cent, probably less than 0.5 pereent.

A few other sets of data in which there may
exist some residual systematie errors arising from
this source and for which corrections could not be
determined are those for which e, = 1.9210%,
M, = 070540006, r/e=0.0539 (p. 46); Re.
= 1.92X10°% M, = 0.705£0.003, rfc=0.1231 (p.
45); fle, = 1.93X10°% M_ = 0.705+0.003, r/c
—0.0385, p,=—14.79 (p. 47); Re,, = 1.92X10°, M,
— 0.705£0.003, r/e=0.0385, p,=14.71 (p. 47).

A condition that it was considered should be
fulfilled for the determination of densities by
the method described in this report is that
In[Q(Q:/Q) "]y should be independent of p. A
separate experiment was run to check the extent
to which this condition was met. 1t was found
that an approximately linear variation of about
5.5 pereent oceurred in In{Q(Q./€) ] over a
range of densities from 0.0001 to 0.0014 gm/ce
when the counting data used were corrected with
moderate accuraey for resolving time. A varia-
tion of aboul 9 percent occurred over the same
density range when the counting data used were
corrected for resolving time with approximately
the uncertainty as that attending the
resolving time corrections applied to the flow field
data.  (The variation was 12 percent for the case
where uncorrected counting data were used.) It
may be concluded that the condition stated above
was probably fulfilled with good aceuracy for
some of the flow field runs and with just moderate
accuracy for others. The distribution over all
the flow field runs of a discrepaney in fulfillment

same
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of this condition is not known, however, inasmuch
as the listributions of o7 and ¢z about the most
probable value, ¢=133u see, are not known
(althouzh the limits of uncertainty were ascer-
tained and a guess was made of the value of s,).

Varis tions in stagnation density, p,, are con-
sidered to have had a relatively negligible effect
on the precision and accuracy of the flow field
density determinations. The probable error of an
individaal measurement of p, estimated for a low-
density flow field run showing maximum variation
in observed stagnation pressure is 0.15 pereent.

A further check was made for the standard devi-
ation in the calibration quantity, &,=In[Q(Q./
@) "*.. For a sample, typical run the standard
deviation was computed from the measured indi-
vidual -leviations of plotted points from the faired
curve through them for the calibration relation,
£y vs. ¢ The value was also computed from equa-
tion (A19) for this sample of data. The value of
sem decuced from the plotted data in this sample
was 6.18107% and that calculated from equation
(A19) was 8.29X107%  Agreement should be ex-
pected since it ean be correctly assumed that
error in ¢ is relatively negligible here with only
£y subject to error and furthermore that this
error slould be due just to the compounded count
rate statistical errors.  Since errors due to me-
chanical sources (in the bushings) were normally
small v comparison, departure from this agree-
ment would have to be explained by inadequate
correction for /¢, drift during calibration.

Radiograph data.—Errors in determining air
densitics from radiographs were many and prinei-
pally o unknown magnitude. The following list
meludes all known sources of errors, their nature,
and est-mates of their magnitudes.

Probable error
-2 -- +1 pereent

. Negligible
_--.. - Unknown but probably negligible

Unknown but probably negligible since all
film was from one mfyg. lot
+ 3-pereent density variation in I-inch radius
.- Unknown but probably small for a single
uninterrupted series of density measure-
ments
. +0.16-pereent chord
+0.02-percent chord
Led to density traces which varied +214
pereent of the median



APPENDIX B

THEORETICAL CALCULATIONS

By means of the procedures indicated in refer-
ence 7, another solution for the problem of a flat
plate at angle of attack of 13° and [rec-stream
Mach number 1 corresponding to a different
separation bubble pressure has been obtained.
The value of the pressure chosen corresponds to
a Mach number of 2.80 on the separation stream-
line. Since this pressure exceeds the maximum
theoretical value permissible for expansion to the
limiting wave at the leading edge, the flow in the
subsonie portion of the field is dependent upon the
assigned value.  The procedure for solving this
particular problemi numerically in the hodograph
plane was not discussed in reference 7; therelore,
a briel summary of the method of solution is
presented here. In the following discussion,
knowledge of the methods established in reference
7 for the flat plate problem is assumed.

8
T v(wmr-a)=0 D
C
F
- yan? |
2 + | ~ & _
Y +W|_r-lw2 .2 99=C I £
Y+l Trel i
¥,(0,8)=0
G
- 0
<y{l,0) <+, w
A
c
V(w,-a)=0 B

Sketeh (&)
METHOD OF SOLUTION IN HODOGRAPH PLANE

The boundary-value problem in the hodograph
plane for the inviseid irrotational flow about a flat
plate at angle of attack e and free-stream Mach
number 1 1s as shown in sketeh (¢). (The notation
18 defined in appendix C.)  Polar coordinates w,
6 have been drawn here in rectangular form in
conformance with the presentation in reference 7.
Sketeh (d) shows the corresponding flow in the
physical plane. The stream funection ¢(ue,6) is
specified as zero on the boundary ABCDE and is
required to satisfy the proper singularity at the

free-strewm point 0. Conditions on the limiting
characteristics OE and OA are unspecified except

that no singularity propogates along them. This
[¢]
9 i Limiting
! Mochwave
; M>1
Ml !
Shock waves
(A Separated °
region 4 /
g8 i A
M<l ¥ N
i Ly M>1
Sonic line {
- - - -+ Expansion } ;  Limiting
Compression Mach wove Mach wave
oy
o ©

Sketeh (d)

is the problem as was formulated in reference 7
for which the bubble pressure is equal to or less
than that required for expansion of the flow about
the leading edge to the Imiting wave OE. For
the pressure chosen in reference 7, the bubble trace
in the hodograph appears as a line w=—constant
starting at point K. For an even lower pressure,
the corresponding trace w=constant emanates
from the leading-edge characteristic at a point to
the right of point K in sketeh (e), and the solution
in the region OABCDEQ is entirely independent of
this pressure.  On the other hand, for a hubble
pressure greater than that associated with point
E, the trace of the bubble between the leading edge
and the limiting wave appears as shown by the
broken line FG, and the entire solution depends
upon the value chosen. This latter case is the
type which is considered here.

For purposes of illustrating the procedure fol-
lowed in obtaining a solution, let ¢°(w,8) represent
the solution obtained in reference 7 for the region

39
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OABCDEO of sketeh (e). Next, let ¢(w,8) be
the desired solution within theregion OABCDFGO.
These two problems differ only in the requirement
that ¢ (w,8) is specilied as zero on the new boundary
FG. A\ straightforward application of the meth-
ods of reference 7 would result in the desired
solution ¢(w.8). However, a procedure which
produced the sanme result with mueh less time and
effort has been used and is deseribed in the follow-
ing paragraphs.

The classical procedure for solving linear bound-
ary-value problems involving a singularity is to
obtain a singular solution which satisfies simple
bhoundary conditions and to superpose a nonsin-
gular solution such that the result satisties both
the singularity and the remaining boundary con-

ditions. A analogous procedure can be followed

]
¢ Jiw,r-a):0 °©
F
¥-3 2
-=2w -
. 2y b-wly Vw,8)=v°(w.0)
u www*why_l 2 |_ﬂ ZYGS_O I
yel o
%,(0,8)=0 G
0
w
A
C =
Viw,-a)=0 B

Sketeh (o)

in the present case.  Sinee ¢°(w,68) and ¥ (w,6) must
both satisfy the same free-stream singularity, the
desired result ean be obtained by superpostion of
Yo (w,8) and the solution to a properly posed non-
singular boundary-value problem. To this end,
consider a problem as presented in sketeh (e).
This problem for Yw,8) has the same boundaries
as the problem for ¢°(we,8) (see sketeh (¢)) exeept
for the foreshortened supersonic region which is
now limited by the boundary FG ;¢ is regular at
the free-stream point e == 1,0 = 0. 1t is thus
seen that superposition of ¥°(e,8) and Y(w,0) will
result in the solution ¢(2,8) provided the values
Y(1,8) along F(r ave specified as ¢°(ie,8).  The re-
Iationship can be written as

¥ (w,8) = $° (e, 0) — ¥ (w,0)

where ¥°(e,8) and ¥(i,8) are solutions to the prob-
lems presented in sketehies (¢) and (d), respee-

tively. The contribution of the present effort is
therefore restricted to providing a numerical solu-
tion to the problem fory(w,). It will be recalled
that th» solution given in reference 7 was obtained
by superposition of two independent solutions
(each eHntaining a required part of the free-stream
singulaity) in such a manner as to satisfy the
conditibn that the stagnation streamline has its
branch point at zero velocity. In the present
case, however, 1t Is assumed that ¥ (u,0) <<y° (,)
for w < 1 such that the stagnation streamline
Y(w,8)=-0 is coincident (within limits of numerical
accuracy) with ¢°@w,0)=0 for w -» 0. This as-
sumptin means physically that even though the
whole subsonie field is altered by a change in
bubble pressure, the effect is expected to be quite
negligible at the stagnation point for reasonably
stuall changes in pressure. This assumption was
checked numerieally in the hodograph upon com-
pletion of the solution Y0u,0) and was found to be
justifie:1.

In tle preceding discussion, the solution ¢(w,8)
is desce-ibed in terms of the differential equation
and bo mdary conditions as shown in sketches (¢)
and (¢). However, the numerieal solution for
$(0,0) was actually obtained by first transforming
the differential equation into a form resembling
Tricon i’s equation (see eq. (7) of ref. 7) and then
solving this equation in the major portion of the
hodograph. Details of this procedure are pre-
sented in reference 7.

The detailed numerical procedures used for ob-
taining (u,0) are almost identical to those devised
for the solution ¥ °(,8).  Some computational ad-
rantagos were realized as a result of the absence of
the froe-stream singularity.  More important,
howevir, was the fact that the largest values of
were enceentrated in the supersonic region near
the boandary ¥, This condition led to rapid
converrence of the relaxation process in the sub-
sonic rogion (< 1).

The stream funetion is tabulated in table 11

TRANSFORMATION TO PHYSICAL PLANE

The procedures used for transformation of the
solutiot ¢ér8) to the physieal plane are those
indicated on page 43 of reference 7. The lmage
of the plate, the lines of constant @, and the
were all obtained by straight-
forwar | application of the transformation equa-
tions as there presented.  For the present problem

charac eristics
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an  additional computation

was  performed  to

permit. construction of the complete separation

bubble in*the hodograph.

Sketeh (f)

This was done by

application of the computational procedures
developed  for  the interdependent  portion  of
the supersonic region (region DFGO of sketch
(e)). In this manner, the solution (8 was
continued into a triangular region GHI as is
shown in sketeh (f). The shape of the bubble
in the physical plane was then found by integra-
tion of the appropriate funetions along the
boundary FGH. The characteristic HID  was
chosen sufficiently elose to point 0 to insure that
the bubble trace in the physical plane would
intersect the surface of the plate.  In this manner,
use of the method of eharaeteristies for the bubble
construction was eliminated. A check on the
accuracy of the present method was obtained
by caleulating the bubble of reference 7 and
comparing with the results of the characteristies
construction, The agreement between the results
of the two methods was found to be excellent
(see fig. 11(h)).

The results of the transformations are presented
in figures 11 and 13 through 16. Discussion of
these results is presented in the main body of the
report.
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APPENDIX C

NOTATION
slope ol & vs. pp line= : B
" 0%
arca of collimating aperture
span of test body 5
chord of test body, 6% in. €
pressure coefficient, (I/I;;::’:m, ;
pressure coeflicient at free-stream Mach
number unity u
temperature recovery lactor M
dimensionless function (sce eq. (A13))
Planck’s constant £
humidity o
X-ray beam mtensity pe
number of pairs ol measured values iy
(pr, &) 11 a density determination by Pee
Geiger-Mueller counter data p
X-ray beam path length ¢
mtercept of the line py vs. §
Mach number v
slope of the line p, vs. & "
count rate
pressure YO
pressure in core of stream
total pressure
pressure on wind-tunnel wall
boundury-layer total pressure c
beum intensity ratio, T Y
. i M
ratio of count rates o
gcalar distance or radius measured from I
projected leading edge T
Revnolds number ©

standard deviation

5(pw) 3

contribution to standard deviation in
density due to uncertainty in o

tine or counting mterval

absolute temperature

speed of low

photodensitometer output voltage

photodensitometer reference output volt-
uge

speed  of flow  (dumensionless  through
division by critical speed)

sealar distance

sealar distance

scealar distance

angle ol attack

calibration density increment, (ppr— pg),

ratio of specifie heats (1.405 in theoretical
calculations)

boundary-layer thickness

counting efficieney  of  Geiger-Mueller
counters

inclination of flow measured counterclock-
wise [rom the freestream direction

mass absorption coeflicient

frequency

o]

air density

density in core of stream

stagnation or totul density

density at wind-tunnel wall

counter resolving time

polar coordinate angle about the pro-
jected leading edge

stream function

stream function representing solution to
problent as defined in sketeh (e)

stream function representing solution ob-

-

tained 1n reference 7
SUBSCRIPTS

alibration data

general index

“match point” value

original or initial value

reference chamber

tunnel test section

stream coudition at reference point in
wind tunnel

i on N (for counter interchange test) or e or «
denotes Geiger-Mueller counter number 1

2

on N {for counter interchange test) or e or o

denotes Geiger-Mueller counter number 2
1 on @ or t denotes first counter arrangement in
count»r interchange

&

on () or t denotes second counter arrangement.

m cotnter interchange

Subseript on s (where not otherwise defined) de-
notes quantity for which ~ is the standard
devia on

No subseript on @ or ¢ denotes tunnel run data

"

SUPERSCRIPT

new or correcled quantity
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TABLE I.-

Re g = 192X 110
<0002
£¢=0.002133 slugsicu it
pe=1471 Ib/sq in,

IFlow tield

P 1 eamred

. NR8H | 345

Moo =0.705£0.003; ric=0.1534

{

Pe o =1.04X108

11 <. 0H045
W36 stuesfeu ft
3TH Ehysq in,

Flow fivld
Poh eeared ¢

. 2864 0
L3159 b

() Arrangement .

e =2,0£0.1X%1

M =0LT08
H<0.00021
pr=0.002135 slugsfeu 11|
Pr=1473 Ihisq in.

Flow field

PP wensared L
deg

0. 3377 4 !

3400 5 .
3410 10
331K 12
J324 14
2724 16
2857 20
9316 340
{234 341
L0244 342
LU2RY 343
L9353 344

A =0.707
H<0.00022
pe=0.002137 slugsfeu ft
Ppe=14.74 Ihfsq in,

TABULATION OF DATA FLHEOM DENSITOMETER

R
=0.1534

(65

Mo =737
T <t.00021
. =0.002135 slugs/eu ft
pe=14.73 Ih/xq in,

Flow field

(B/pt} pyenmrea #-

0. 3647 ! 4

M, =0.737
£1<0.00¢22
p=0.002137 slugsfeu ft
Pe=1474 Ifsq in.

L2794 20
L3241 30
. 3908 40
. 4556 Y
. 5254 )
. 567 70
L6364 RO
L7091 100
L TH4% 120
L BOYT7 160
L8463 200
. K6u4 240
. B&U3 280
L9070 320
8,91565 8345

|
L2908 20
L3330 39
L3971 40
. 4502 b

s 11=0.0004,
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TABLE

1. TABULATION

()

{ Me =0.705£0.008; ric=0.1231

C Rew =121
o <uannd

i pe=0.002140 slugsien 1t

Flow ficld

Lo} P’)mum,red [

02715
L2680

270
L2724

pe=1477 Ihisq in.

deg

Lot

6

10
12

It
20

a0
40

0
0
250
#N0
100
120

Rt oo =1.00XI08
1 <0007
pe=0.001153
=748 hiseg m

Flow field

| 0ipn) wmewsured ¢, deg

(), 28015 ]
..ﬂ A

26 w0 = 105X 1
ll-mmu;\

/Jy:. £21 1h/srg in.

L2562 20
. 30

)

45

il

‘ Y

. ! Th
L h36s ball]
L7314 100
TS0 | 120
2k ! 160

Or°

il)(lllelu;.wu i1

R0 =191 X108
0.0004 <TT<00D0K
pe=0.0021

i S0

a L{=0.0005
b HI=p.0012

shugsieu ft
Pe=14.72 1hsq in.

b120
b

164
200
24
280
324
345

26 o =1.04 10N
0035

I)I‘A A08 llmq in.

LRATY 200
L8015 240
L2248 IR0
L9326 320
L9331 345

).4103143 slugsfeu ©

;\I‘I’HI]}_’,('IH(‘ nt

DATA TROM DEN

SITOMETER

Continued

r—

Mo =0.7050.001;

e e =1.92X10%
T <0.00625
2133 sluesieu ft
p,:H 71 thisg in.

Flow field

@, deg

|
(0/P0) nienmnred ‘
-

l},

e 0 = 1.92X 108
0000387
pe=0.002140 slugsfen ft
Pe=14076 hisq in.

L4421
L A031
L BRI3
L6564
L7489 |
L1820
L 826K
.8hT4
L BY28
L9118
L9238
L9214

PAST A SHARP LEADING EDGE

C'ontinued

rie=1.0623

Peo =104 X104

00008 < <O00065
=001 E3R slugsicen 1t
Pe=T.388 Ihisg in.

IFlow field

@ <h;’

. \
(p{p1) nicusured ‘
i

a [I=0.0003
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TABLIL I.- "TABULATION OF DATA FROM DENSITOMETRER—Continued

(

W) Arrangement A

Fe o =1.93X1HE
H{<0.00032
pe=0.002135 sluesicn ft
pe=175 Thisg in.

Flow field

i) et v e

Re oo =1.U3X ¥

0.0005 < 71 <0.0009
pe=0.002132 slups/cu ft
=100 Ibisg in.

; 0

5

10

20

45

bl

120

Nt 160
NOG2 ' 200
R 240
L9418 250
YETN 320
SN 345

P

21

ALELH

L2132 slugsien [t
1.69 1h/xq in.

P24 slugsien 1t
Al i

L R3u 160
L9054 210
RULTY 320

Moo =0.505-£0.008;

={.0692

Re o =1.06X 18
71<0.0004

pr=0001147 slogs /e ft
Po=ToH s in,

Flow field

Pt e

01714
1736
L2128
L2064

LT

L2007
L2402
. 3u%Y
L6153
TR45

b

deg

Cor tinued

Mo =0.705£0.006; rfe=0.0539

Re o =1.92X108
00007 <FIT<0.0K
110

Flow fie

PP wensired

. 1699
1601

T

L2114

L 3656 i

L TROG
302

L6133 ‘

[

feu
Ihfsq in.

1A
slu

ld

@y ey

80
120
160
200
240
280
320
345

Rt =T.05X 100
000023 < T <OLKNIS

pe=ILTT48 slngsfeu 1t
A9 Ihisq in,

Flow field

(Pip yensurea | oy dUg

()

w——

S r Tt wr

L 3N 45
L 3NN )
by (L8]
a 5220
a, h941 !

a I=0.00065
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TABLIE

TABULATION OF

() Arrangement A-

|
!

Rew =2.040.1 0 XI0%; rie=0.053Y

Mo =0.704

11 <0.0004
pe=0.002139 slugsjeu (t
Pr=14.75 Ihfsq in.,

Flow field
|

(piot) measured 1 g, deg

1] H(i(i
L6

Mo =706

T<o.00047
00 ’Hl slugsicu ft

L RUN2 240
. 4430 280
AR 32

9643 345

Moo =0.735 !
II <0.0004

0.002139 slugsjen It

[)r=|~| 75 Ihisy in.

Flow fietd

(PIPY) menaured e, deg

LAl
e

w

30
40
Rl
T
N
100
12
16
200

Mo =17
If<lH)lNld’
pe=0L002141 stupsieu {1
Pe=14.77 Ihisq in.

240
N0
| 320
345

PAST A SHARP LE

DATA FROM DENSITOMETER

Continued

ADING EDGE

Continued

M =0.705£0.003; rie=0.03%5

e =1.92X10%

0.0004 <F1 <0.000%
pi1=0L00213% \lup en ft
pe=14.74 Ihisy in.

Flow field

dn-g

100 tensured ‘
|

00913

S101t h

Bew=1182X100
FI<0.00065
pe=1L002132 slupsfeu
pe=1464 1hisg in.

0.0414 5

BECH s

Re oo =103 X100

0.00047 < 1 Z0.0006
pe=0002144 slugsieu Mt
pe=1470 Ihisg in.

(LA U] i
BRIty ‘

CRio

|
Ree=102x108
00037 <Z{<N.0007H

® |

BOZ1R 1 slugsien fi
470 Thysey i

)
i

0. INTI )
.M'[s{ ‘ )

|
! CRANT
! i
RN
L9410
i L UAROD

Re o =1.05X108
TI<0.0003
pr
Pe=7.4% 1hisq in,

Flow field

(PIPO megmred ¥
! deg

0. 1072 0
004
N30
465
. I(th

v WP T

NSRS H
L1149 A

1

R
Exe

B

:um 310

00T slugsfen ft

~1
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TABLE L. TABULATION OF DATA FROM LENSITOMETER - Continued

(a) Arrangement A Con inued

[ — TS T T T [
: Ma =0 T0510. 003; ric =i 0231 ! ; Mo =1 T0A0.003; ric=0.0154
I Peo=1.02X108 Ile o =1.05X10% e =1. 94108 Pen =1.0aX105
H <0 0004 ! T <0.00045 ! Tt 000375 | F1<0, 00035
pr=0. 002135 slugs/en ft 001150 slugsien It pe=1, 002136 slugsjeu ft | pe=0. 001150 slues/eu ft
Pe=14.72 Ibysq in. 466 Thyisgg o, i pe=14.74 Ibisqg in. ! Po=T040% thisg in,
{
Flow fickd Flow field Flow field : Flow field
I I T Ty T - T T
. ‘ | ' '
Pt aenced Jf\"” PP e ‘ﬁ"; (P eumured FA PO erpured | (]‘fvx
00928 040771 0. 1214 | 4
RIS 1255 | 5
TTH L1231 i H
RTES | . L TONI 7
L1414 : L1064 x
. 1 L1537 LOUN2 Y9
1636 1 C1A%s ST 10
' ! N ; 11
- . 1929 | 12
Pea=1.05% 118 L UST ! 14
140 0043
1€ o = LUSX Iy
[ 11000025
: pr=11 001145 slugsien ft
pe=7.441 1hjsq in,
i) . . o .
| a0 : )
H 1 ' 1. 11038 15 LUST !
i ) L 15hE 20 1313
: 60 L l6sd
RIS 70 T2 L IRA3 24 L1739
LHANY S0 BRI | L1796
IR 00 Mt 25 A 1723
L Thx1 120 L2000 27 i nrit] i 2
CROAY 1640 L2079 it L2068 i Sit
ROUT 200 i L2161 ! 41
A : 240
JRUTIES ! 28} : - h e
BUUIH Bl i Pea=1.05X1r
LUTH REY| . 1 <0, 00031
| : : pe L OOTIAT sluesicn [t
CTorTmes T T o : o= H6 ke in,
Fle = 192X 100 | _ R
H<0 0007 !
=0.002184 slugsien ft L1054 25
£.71 1hisg in. i
N L a6
)
30 T
| ‘ 4 N0
| S L7 120
i ) . N2 160
i i T : L NNSY 20
; | s L2494 210
L0420 ‘ 280
) - i 420
‘ BN
h2ll
\ : 342
! 344
340
346
30,5

o HI=0.0005
O 0005 0L 0006




A STUDY OF THE ASYMMETRIC TRANSONIC FLOW PAST A SHARP LEADING EDGE

TABLE I.—TABULATION O' DATA FROM DENSITOMETER

() Arrangement A - Coneluded

Mo =0.707
11000033
pe=0002142 slugs/eu ft
Pr=1478 Ihisq in.

Flow ficld

PP easirea had
deg
0.0729 4
COTRI .35
12
13.5
1h
20
20
36
. 41
1 St
.05 00
L ANB6 il
®O
b 120
LRATR 160
L9022 200
L9314 210
: o 9500 Lo
IRTHUEY 320

e =200 rie=0.0154

Me =0.737
11 <0 10035
pe=0.002142 Rlngsieu it
Pe=1LTS Ihfsq in.

Flow field

P L et @
ey

(L. OTNY Y
LONRY 10.5
L0043 12
kY ; 13.5
L1053 15
171X 20

NoTE: Values of p used above for M o =0.707 are based on
the value of p ut ¢=280°, e =1.94X 106, table [, po 48, aml
measured values of density difference between the different
angular settings, . Values of p used above for Mo =0.7487 are

hased on density ditferene
ferent Mach number setting

neasurements between the dit-
At cach angle, ¢

Continued

Mo =070 0008, ric=00077 !

Ple o = 1LAOSX 0w
I7<0.00035
pr=0.002135 slugs/cu ft
fr=1873 Ihisq in, '
Flow field

e eamured 4

0.1267 A

. 1664 41
L1601 bl
CITIN 36

L1971 10
L 2hN2 a0
L3470 (13}

T
N
i
105
120
140
200
240
250
20
J40

2¢ o = LUDGX 108
F1<0h00025 .
pe=0001104 slugsjea It
400 Thisa in. !

lpipe)

L OU6Y
L1033 ;

Rewm =105 1w
FEASIRUTTR]

.00 A2 slugsicu ft

T Ihisq in.

LIPS 25
CITNG i 30
L212h 33

49



50 TECHNICAL REPORT R-66- "NATIONAL AERONAUT CS AND SPACE ADMINISTRATION

TABLE T.--TABULATION OF DATA FROM DENSITOMETKR—Continned

(b)Y Arrangement B: Values obtained in polar coordir afes (chord- 6.5 in.) Continued

Reo =2.7X10% Mo =0.711; p,=0,002952 slugs/cu It; pe=19.93 h/5q in.
| | | * |
¢, deg rie plpt ! e, der rie ¢, deg ric | plot ‘ @, deg rie ‘ pipt
[ S . i . L P . . b . S Y
10 0 | 0 190 0 (1. 861 1 240 01077 0.834
L0164 ; L0154 L8069 : L1231 .81y
L 030K L0308 L ¥63 i ! L1385 .81
LO462 L0462 851
L0615 L0615 LR 260 1 L N3Y
i LOTHY L0769 L 841 ; x| LSTT
| 5] B L0423 . I S8 | §64
N3G L0462 851
R0 [} L1231 Yl i RUIE %51
. L0151 L1385 826 iRl L X36
i L U308 | 023 LN2H
15 0 195 866 LT LNLG
L0077 ‘ 873 RP:T LNOY
L0154 ‘ LH65 L1885 it
L0308 L8B4
L0462 i 854 280 0
L0615 ! LR34 : RUEE
Nyl ' ! CRAK : L0308
Louzy ' N3 L0462
Loty 1 0 LLNBG iL6la
123 0164 [ IL0THY
RRERGH i 1308 ; | LO423
| M2 2H) 0 [ (17
20 0 15 L0154 : D!
L0077 076 L1308 RELH
L0154 LAy L0462 |
U308 R lires RUD I 300 0
G2 1231 NP ET L0154
RUBEH : 1385 | i L0808
: 042
! 120) . L0615
: 1385 I | L BTHY
L
210 0 ‘ i 1077
| L0164 | 1231
30 L | 30N i 1385
L0462
: LORLS 320
| LOTHY
023
X [ 1) ot
' 10 U 832 | 1231
L0154 NN ' K i
i JBON 5 NLS I |
i SO LRI 2] 0 ! |
' RITH N2 NS . |
L0760 RO L0308 ' :
10 i UL B 1T L0462 |
i 1077 LT , 40
. 1231 L N03
i 1385 RO
| we o ;
! i LU
| 23
! I ! i 230 i} ;
; | ; i RO .
i ; | | RGN L1885
5 0 ! : !
SNITT | 347 0
LULA4 | | U154
U308 : NN | ' L B3OR
62 ! SN0 [N AT
JU6LH | 167 o CRNT | [ . N
i LOTHY ! L0154 LR45 i N1 | : L0760
! R i L0308 LR i | | P2y
N ([ | LOdh2 L N36 20 10 i 1 [ (trry
[ b1 i RUE N33 i N 2] ‘ i !
R I L OTHY L N33 1 [T ‘
i Lo L B33 ComMe2 |
60 i | Rl CRIB N !
L0 2 P JW2N [T |
[t 54 Rk R | |
|




TABLE T.

(b)Y Arrangement B: Values obtained in polar coordinates (chord=6.5 in.) —Continued

~“TABULATION OF DATA FROM DENSITOMETER—Coneluded

A STUDY OF THE ASYMMETRIC TRANSONIC FLOW PAST A SHARP LEADING EDGE

B

240)

250

200

210

— e
R =1.0%10% Me
|
@, ric pipt @, ric pipt ric
deg deg
- B - B o
60 s u 0 24 i
L0077 K17 L0154
0154 610 L O30K
L0308 | 077 AT L0462
L0462 i L1231 o8 L6lh
NINES L1385 Rt L07HY
LOTHY L0023
L0923 00 |0 LN6T L1077
1077 L5 et 1231
121 L0308 LTIN BB
1485 { 62 LTl .
I [T U3 o
70 L0764 U2 0154
L0077 ] L0u23 GRY L0308
KUK L1077 670 2
LOBUR B 123t 658 OB
L0462 L1885 648 L0764
L0615 L0023
120 |0 1077
L0151 L1231
! L0308 REH
L0462 |
L0615 o
L0154
50 L0308
0077 L0462 !
154 L0615
L0308 B L0769
L0H62 L0423
I
0w =1.4XI10% M
" I
10 o2 40 0 0
L0154 Nirel L0077 L0154
L0308 02 L0154 L0308
0442 144 || L0308 462
LOBLS s |l 1162 614
L07HY A2 L0615 L0THY
L0923 L2206 L0769 L0u23
By .2 023 Bl
L1231 308 |) 077 L1231
L1385 RN 1231 13K
; L1385
15 u
0077 50 w26 0154
0154 L0154 1064 L0308
L0308 L0308 426 L0442
L0162 [ ETE) 3
LOBLS PL06A 489
L0764 151
0w 481
ST AT
L1231 ' E
L1885 ' R R 479
| : 4]
60 ‘ 0154
20 L0154 RUESE : 0305
LO308 : 042
L2 OB
L0615 L0764
07y L0923
L0023 .
77 L1231
| L1231 RERH
L1385
i}
3 U ] L0154
L0077 L0154 (] L0308
L0154 U308 1545 Lo 062
08 L0162 ; L0615
COH2 LOBLR L076Y
L0764 i :
L0923 |
L1077 |
1231 !

Tic

0.1077
L1231
385

(]
L007Y
L0115
L0308
L0462
L0615
RN
L0u23
W77
L1231
L1386

0
L0077
RUEE
0308
D462
615
Bini]
L0024
R
28
L1385

4] :
L0154
L0308

L0462

L0615
0769
w23
Rt
1231
L 13%5

0
L0154
L0308
L0462
GLS
T6Y
L0u23
LT
L1231
. 1385

0
L0154
308
L0462
L06LS
L0769
L0923
077
L1231
L1385

pipt

0820

L0930

L9249
033
ST
LU6R
03
CNTY
L
L85l
. RAG
LU0d

0T

L 433
Luls
RUE
RUN!
900
L RE2
. 886

L9383

=01.714; p=0.002127 slugsfen (1; pe=14.211b/sq in.

280

300

rie

LOUTT
NURE
SO0
L0462
A6ES
L0769
0423
LR
L1281
L LaRG

L0154

308
L2
061D
NN
mts
L1077
L1241

q [
v w1

L0154
L0308
L0462
NUSTEY
LO76RY
L0423
L0TT
L1238t

Pe=10,00 Ihikeg in,

220

230

240

| o200

U151
L0308
L0462
LUB15
TGy
L0923
i
L1231
L1385

LA
L0308
L(H62

L0164
L0308
L0462
L0615
Ninil
S0o23
Rt
S12381
L1385

L0154
L (R30%
L0442
L0615
L0764
L0223
L1077

L1231
LIRS

L0154
L0308

L0462

LOBLS
LOTRY
L0423
Ly
L1231

L0154
L0308
L0462
SO61H
L0769
Rihen)

L0154
L3

4}

LA
308
L (HB2
L0615

. 13RA

RUE
Ny
L4979
L2
CHTY

LUHT
JU65

Lus2
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TABLE 1. TABULATION OF DATA FROM HDENSITOMETIER  Continued

(by Arrangement B: Values obtained in polar coordiintes (chord=6.5 in.) - Continued

Fre e =208 M =0.737; o =0.002120 slugsier {5 pr=14.22 Ibisq in.
i | i | f
e deg bore 0 pipe ¢, deg ric i pine e deg| e piot e, teg ro pipr @, deg ric pior e, deg ric . pipe
| ; i
—U o007 | it 01077 0T 10 0,461 ) il 0. 895 190 00462 | 0876 20 |0
RUETS S L2382 NI 1 LOBLS | L 872
L0231 | L1386 | 448 L 204 LOA0K 672 LOTRY L URT2
030K ‘ 244 L0 fiti1 [ ooz sr |
462 h LOLLS | L IN6 JI84 | L0 [ [ [T P IV
[ o615 | L0138 176 332 | 07BY 52 IS =) B v TR i
! o7ty | s 176 L0238 | L3N L0236 [ R ]
| | L0192 L1077 | 416 JITT 661
I | L0231 J128L | 4T I 1 200 0 .t
| 870 L0308 ST
B K L 308 L0462 200 " [Uf) 1] L RO boLo15d BRI
CLOB1S L0154 AL BE | LT5T [ L030K Kb P V]
o L0077 L0764 IR 0K | T2 o2 8T |
L00y2 i LOTHY L0462 62 T o LOGIA T REN
[N P 0923 L0615 L 1s LTI 076y | NE2
i 54 L1077 i L07THY 6y 641 L0Y28 L RH2
L0192 L1231 L0923 236 L1077 | w62
L0231 L 13N [ Ui LT 6eY J1231 | N66
0308 bo23 J1EL T C13R5 | KRR
i L0462 |, [ L 00Y2 :
LUB15 | L 293 108 00U my |0 025 2000 KU i
23 | L34 RUKS il RN BT 0077 L ese 1 o 0
077|869 L0154 L0115 LS8 | TAT L0154 22 L0154
JI281 308 L0192 L0154 L0462 | L7386 L0308 | 802 L0308
L1385 0 434 L0231 AB0N L0815 | T2 L0462 1900 0462
i L0264 H L0462 ! LO7RY el 14 RG] )
1 0 BT U308 RUNES Loz 70 | LOTHY RS9 |
IUT: T . L0385 Ry LT U728 LG8 RSK |
L7721 L0462 L0423 LB LT82 JW0TT RS | :
092 | 2w 0615 T | ‘ 123D K ‘ |
RUSER I ‘ CEIL | L aRs 120 |0 916 | :
LS4 IRG 04| LN45 220 |0 '
L2381 L1760 40 [ L0008 L K20 L0077 R 300 0 UL
L0308 | L1760 L0077 | L3R4 L0062 |79 L0154 L0154 T 480
L0462 1,226 L0154 | L3N L0015 | TR0 L O308 1308 W44
L0615 L0308 | 400 ) B9 | L7665 | L0462 0462 936
LOT6Y | L0462 1 a0 LON3 | LT L0615 hoous3
0923 7 LO0N2 | L 2A0 LOBIS 419 T LTy L076Y ) Lu2T
L1077 LOIO8 | L2110 LOTBY 428 BEPR) R AT L0928 L0923 LT
L1231 L0123 | 195 0923 1426 L1077 L1077 Lu12
L 13%5 L0138 | L 186 L1077 | 482 Mo | U 920 L1231 | 1231 wT
: RUET SIS Pl S1231 | 444 LR L KGR . | P
M LTT L 19s NUT S Tl LOIN8 | R4S 2| TH] |
L6115 L IRG L0230 L2038 50 ;0 R L0062 | L K22 L0154 | . U65 420 10 Cou20
L01A4 T 1T U260 DL 296 L0154 | 480 LO0UIS | LT L0308 | L3N 016 | usT
L3080 L 162 L0308 |, 282 LOB0K | L 4%y L0T00 | L TR9 B2 |40 L0308 | 950
L6220 L 226 CoLudNa | L244 L0462 | L dRN L0028 | T2 | LUBIA |40 SO462 | 03]
L0615 L0462 | 254 ¢ L0615 L du6 COUMET | L T92 LL0Th9 | 043 LB | 921
LUT6Y LOS3R | L 268 ATE9 L 4Ky LB L TY6 w23 021 LOTEY | 916
0923 L0615 | L2 L0923 | 489 L1077 L 021 L0923 1L 016
L1077 LOTHY | L 328 07T 50 w0 |0 026 L1231 . 025 J1077 0 ho7
L1231 L0023 | L3R4 L1231 | L 514 L0134 UNRT A2 8T
L1885 .1 414 LN UNe3 290 |0 RO C13NANKT
453 I I8 0252 N3 T I ]
3 LT 40| RUE" S LY OCLA 822 L0308 010 REIT |26
LAKR2 ' L0308 L2 S Nirah] LXLD L0462 OO OIS L L GRT
RUGN 8 092 - 27N L0462 ! 0eas | N0 615 | 902 JO308 L, W52
UL A0 )25 L0615 | T w2 L0769 | 904 LO4E2 432
i 030N M08 L 241 L0768 PRI P CoL0u28 |01 L0615 | uLs
L0462 L0123 |22 L0923 77| L0k LOTHY | 006
LOB15S L0152 L1077 67 0 L2000t S128L L b0d L0928 | w92
] LO0n2 |21 L1231 L0154 | L Ru2 JISRS | L w07 RS
L0231 | L 21N LOEOR | BGY 3
L0308 | L 238 0|0 L B65 L0832 | LRE6 500 L %65 :
L0462 |25 LO1A4 L 42 LOC15 | K2R L0154 | L U3y 347! w20
1 L0092 L0615 L0308 614 T w22 L0308 1L 01% U84
: LOLON LOTHY SHB2 600 LR S L0462 914 044
| LOLA4 L0923 32 NI E T K22 | } L0615 | 612 922
| U308 L1077 | L BN L0769 1L 606 B PETRRE T ]
L0462 120 36 L0923 | L5438 ; 911 TR | L RN
L6LS R IR [TV 0T B0 190 0 Counl || | RLIN L0023 | 8sd
L0769 | A4 L5604 RIS I T i 0% JIOTT L KON
L0923 : | 1231606 LN | LN | BRI
! ! i




TABLE I.—TABULATION OF DATA FROM DENSITOMETER— Continued
(by Arrangement B: Values obtained in polar coordinates (chord=6.5 in))-——Continued

A STUDY OF THE ASYMMETRIC TRANSONIC FLOW PAST A SHARP LEADING EDGE

Peo=1.9X100 Mo =0.681; pe=0.002123 slugs/cu ft; pe=14.21 Ihisg in

¢, deg

14

16

18

20

ric

U‘ ]

L6ta
Hiniv]
L0923
s
L1231
L L3NG

L0154
L0308
L0462
BENG
L0759
-0923

10T

L0154
L0308
L0462

LOBLS

U769
0423

Nl

. 1231

L1384

L0154
L (1308
L0462
L0615
LO7HY
L0923
L1077
L1231

L1385

NUSE]

LO308

L (462

L0615
LOTBY

L0928
lnn
L1231
L1385

L0154
0308
L0462
L0615
L0769
U238
AT
L2
L1385

L0154
L0308
L0462

L0615

LU7HY

L0923

L1077

L1241
L 13%H

L0154
(808

(462

L0164
L0308
L0462
L0615

; . ; ‘
pine i @, teg ric pipt ¢, deg i rjc pipt e, deg ric plot || @, deg ric
[ A N - i el e e
0,971 20 0.076Y ‘ 0,475 10 0.0462 0. 5493 133 0.0615 0. 860 230 | 0.12381
413 TP S )| TGl 601 769 %61 L1385
Sl T At N L0769 60| a1
4N L1231 545 C0w23 615 L NGE 240 0
430 HE el 613 L %61 L0077
436 22 i .952 ' L1231 617 L0154
Tt LT gl CLUIENS 619 150 0 L 43% U308
L0154 462 L0154 RO L0462
054 L U308 LN 15 0 L0308 N5 L0615
L 405 L0462 AT I LT L0462 L R66 LUTHY
L 393 L0615 AN ' LL0Ls LGS L 861 L 0u23
.02 LUTHY e ! L0308 L0769 .61 L1077
L4100 L024 L 552 i L0462 L0023 L %60 L1231
a7 U 573 BN Rl L 864 L1385
430 L1231 R L0769 L1231 872
142 L1383 L 504 i L0923 255 0
L1077 165 0 922 L0077
‘ 24 0 062 L1231 L0154 L 806 L0154
397 I L0077 2l L1385 L0308 900 L0308
L399 L0164 462 0462 w74 L0462
415 L0308 L .42 50 i 0615 877 .06
422 L0462 L0154 n7h9 LG 07
428 L0615 LU30% 0923 | K66 0823
42 L0764 L0462 1077 . B36 077
450 L0923 ! D ; 1231
453 1077 | SUTHY W00 471 L1385
455 D7 T L0923 0154 983
L1385 L1077 U308 KU 1] 0
L1231 L0462 943 0154
26 0 L85 L1385 0615 930 [N TS
} 07T 611 0764 G414 L0462
: L0154 REG 60 0 0923 911 0615
L0308 L0154 1077 w7 076y
L0462 L0308 1231 H 0923
L0615 L0462 BERS L RS 1077
L0769 SO6LS ! 1231
L0923 L0769 w2 0 RUES 1455
LT i L0154 942
L1231 L030% 928 28 0
038 L1383 L0462 915 0154
405 L0615 BT 0308
116 M 0 L0769 CRNT L0462
[ L0077 7 0 L90L L 0u23 i S L0615
431 CL0154 L0154 LTl Ut T 0769
L4382 L0308 L0308 712 L1231 LRGN 0923
438 L0462 L0462 712 RELS L KB4 1077
444 L0615 RUhE LTON 1231
448 LOTRY LUTHY 715 200 0 L 930 L1385
452 L0023 L0923 L T0% L0154 . 936
L1077 L1077 L7380 L0308 300 0
042 | 1231 L1281 . 721 : L0462 L0154
LG ! L1385 L1885 721 L0615 L 0308
ALK LO0T6Y L0462
426 000 R0 40 0 L0923 L0615
43N . L0154 L0154 1077 | LOTHY
442 RIS L0308 L1231 L0923
L6 L1462 L0462 L13%5 SLTT
452 | L0615 L0615 . L1231
461 | NI L0769 210 0 95N L1385
1] | L0928 | L0923 54 L4952
i | 0TT B[V ry 308 L039 316 0
93X 231 803 L1231 L0462 921 L0154
427 L1385 L 600 ! i L0615 02N L0308
LA 105 0 915 O7THY L ROY L0462
436 32 [\ 952 L0154 B4 L0923 | RNT L0615
442 L0154 Rt L U308 830 . 1077 L NTR L0769
450 L0308 542 L0462 825 L1231 R 023
161 | L0452 L 57Y L0615 821 L 13K Eh LT
471 I L0615 5NN LTHY 816 L1231
[ ] L0769 .55 L0923 LBIN 220 0 L1385
L A0 L0923 0L L1077 835 L0154
[N LoL0TT T L1231 827 L0308 330 . 0
[ P12l 603 L1855 . 830 L0462 i L0154
L1433 [ bt 615 ' BN 1Y L0308
L 446 120 0 915 L0764 L0462
452 36 0 ; . L0154 L BN L0923 | L06lA
L 461 L0154 ; LB L8BG4 L1077 L0764
LANT L0308 ! L0462 85N L1231 L0923
L 346 . L0462 RGN 84T L 18%5 L1077
14 | L0615 LTHY L 847 L1231
.54l ) L0764 L0923 LR4T 230 0 915 L 18R
) L1077 L B4T LT L 96K
930 I 1077 L1231 LR42 L0154 952 345 0
438 } L1231 L1385 L 842 L0308 940 L0154
434 S R i | L0462 91N L0308
442 : l Il 135 0 L 930 LOBLS L7 L0462
457 w0 | o . L0154 U895 L0769 ] L0615
L0154 L0308 L 886 L0923 Rt L0769
L0308 L0462 L H68 L1077 L B8 L0923
: : L1057
] L1281
’ : 1 1385

L 9RT
L OB8
L 90N
. 965




TECHNICAL REPORT R-66—NATIONAL AERONAUTIS AND SPACE ADMINISTRATION

TABLE I. TABULATION OF DATA FROM I ENSITOMETER—Continued

(e) Arrangement B: Values obtained in Cartesiar coordinates (chord=6.5 in.
g

Re oo =2.7X10% Moo =0.711; p,=0.002052 sluesicu it; pr=10.493 ibjsq in.
; ; 7
ric : g rie [ A e e [ A ‘ ! z/e e ViV
4. 0038 0. 0008 0. 0154 0. 003% 0. 060626 0. 0308 0.0052 0. B0181 ; 0.0523 0.0005 0.00471
L0004 ' L0040 LO0072Y 064 L0142 RIS 00429
011 ' L0042 CNOUT47 055 00194 L0006 00413 I
012 0043 LOO0R26 L0008 (0400 ‘
H e NEUTRY L0044 RUNIRH 4G L OBOX . (HIORSG O OO0
i RUNE RUOPE LU0 0147 000y 00765 L0011 00407
LO0IR 001400 : sl 172 L0014 RUHD ¥ L0012 L00414
()22 LO02IN L0062 Q0140 L0017 L 000591 L0015 00436
54 ; 00213 NHUS 000591 D018 00457
NUTESS COROR L2 L OUD66Y 022 00464
L0009 L0142 COU08 L0050 L0023 L O0066Y L0023 L0046
ool | L0 2 RUUTIR 0025 000634 L0025 L 00450
o LOLOEsY || REIE) SO004TH 028 000673 L0028 00457
o7 COHON2G | L00ES 000460 -B031 CORNO L0034 L0464
L0020 U L0y L DO0460 A2 L0COY30 L0387 00471
N NULRE i NETRSS 21 08T REGT L1040 L0457
L0026 SOTRO 539 Ri{R3 00115 L0040 L 004654
062% 00203 7 SO042 M 3G 043 00403
. L OOUAM L0043 RITIRE] L0046 L0807
G2 L HOg6 L0031 000008 L0046 R L0049 L0479
000 S0034 048 00165 054 L H0500
RUE 0035 0049 L L0062 LOn514
L0012 . 037 051 00176 L0064 00507
Lotd NETIEN S(038 L0077 00536
01T L00054T L0045 L0385 NUELS ANOTHG N 00571
LO018 : MU L U00Y L OUET 56 L0002 RIECH
RN LGN L0011 L000713 L0100 00571
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(¢) Arrangement B: Values obtained in Cartesian coordinates (chord = 6.5 in.)— Continued
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TABLE T. TABULATION OF DATA FROM DENSITOMETER —Continued
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TABLE I. -TABULATION OF DATA FROM DENSITOMETIER  Continued

(e) Arrangement Br Values obtained in Cartesinn coosdinates (chord 6.5 in.)  -Continued
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TABLE 1. -TABULATION OF DATA FROM DENSITOMETER -Continued

(¢) Arrangement B: Valites obtained in Cartesian coordinates (chord=06.5 in.)—Continued
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() Arrangement B: Values obtained in Cartesian coo: dinates (chord=6.5 in,) —Clontinued
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TABLE I.--TABULATION OF DATA FROM DENSITOMETER—Continued
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Arrangement B: Values obtained in Cartesian esordinates (chord=6.5 in.) —Continuned

TV

0. 000755
Q00643
000592
L000571
L(X0551
000541
L 00520
L00u531
L 000526
L 000551
L0515
LON0BY2
NUELT
L 00u602
LOO0HYT
ANKI612
LU g
000612
U628
L OKI63R
L OBO63K
L0653
L0628
. 000658
L D00658
U653
L6733
LO00653
RELES
A0653
L COU02
L0057
000617
. BOUHAEG
RULIGET)
L ON0HE]
LON0541
RUEIEY
L 000536
L0612
U
L0051
LODOSRT
000602
RUTIUHES
L0022
L 000643
L D006B63
L 00GRS
L 000673

724

LO00TYH
L OO0NEHY
000847
MLLUTLIY
C(KRAT
000429
000423
000434
NLESUE)

0640
- 000620
00610
00595
L O06
L D00HLK)
S ON0G25
L 00R2S
100620
L HO0R20
L 00625
L0063
L0086
L 00670
L0720
L00720
000700
LON0BTS

e =141, M

e

&

(L 0U54

L1015

=0.717; p=0.001532 shugsiei (17 pe=10.00 Ihisq in.

L1052
LD05H
L B05K

. 62
. 65
L GO6R
L0071
L0074

L0248
L0254
L0262
L2649

L0277
L0285

L0292
0300
L0308

L0362

369

L0012
L0014
L0015
LOOES

BLUL]
L0022
(025
L0028
L IN031
AHR3
037
. 0040
S0043
U
L9
L n52
RUIE
L 005K
LOus2
Y
L0077
LDORS

L0092
L0100
L0108
L0114
L0123
L0131
L0138
L0146
L0154
U162
L0169
Nl
L OL8S

2. 000645
L0760
00705
L 000720
000710
000760
L 00705
L D00TH
LO00TTS
. 00730
. 000780
L 000790
L0774
L OUOT70
L0076
00725
00675
00655
000610
L O00625
LO00610
L0630
L0010
- osDn
L 0005895
000605
L B00SRD
00625
00620

i)

L 00660
AN06YS
L0700
LOBOT00
O30
LO00745
LTS
000825
LO0BTH0
L OBOR0H
LANR60
CODRTS
ODORTH
RULILE N
L0910
LO00940

LO0071A
L0007 10
LDONTI0
LBOT00
L (00650
L DOOKTS
L 00B45
L DOOBTH
L O0065S
L0700
L OO0GTH
-000735
00795
L0770
00780
L N0O7H0
007
LOORDS
CDOOKLD
- 000N30
R U
L OHOR25
L OUO%40
- OURE0)
L (OURY0
LUG08S0
LO00DERS
LAXHG10
0004910
RELLGY
000840
L DONR25
L0710
L0710
RUEE

ric

{1015

10T

0.
200
L0208

0192

L0215
L0228
L0231
L0238
L0246
L0254
L0202
AN26Y
L0297
L0285
L0242
L300
L0308
L0315
L0323

L0331
L0338

L0346
L0354
L0362
L0369
L0377
U385
L0392
. 0400
. 0408
L0415
L4238
L0431
L0488

L 000y
Lh02
NLGH
LO0EN
PLLb
LO02S
L0028
LH031
L0034
L0037
L1040
L0043

RUET
L0054

L0062

L0064
07T
L OONG
002

L0100
L0108
KU
L0123
L0131
L013%
L0146
L0154
L0162
RUTH
0177
RUEH
01492
L0200

L2208
L0215

L0223

N

31

L0238
L0245
L0254
o262
L0269
L0277

L0285
L0292
(800
L0308
L0315
L0323
L0331

Concloded

Vitim

0. 00086
L0630
LON0615
L (N0B40
L (00630
L0040
L JO0BYS
LO0067A
LO006H2H
L0700
. G0D670
LU006YH
LO0N730
REIratll
L0710
L0730
L0770
L G070
000790 |
. DDKGO
00780
L K820
L ODUR3S
L0760
000795
L H0BHS
. BNORS0
LDDORTS
L QOOK70
L D00BH)
L DOOYS
L H00Y0S
L GO0

L 000RG2
000791
00714
000704
LOON735
L0068
000745
DOONES
00730
000791
LNSTR
L O00%62
00847
000872
000434
OOV
L OU03Y
82
00U
000944
S000990
0105
0107
K095
AKING
S ORKIONS
L0100
(900
. HIORS
- OO0YAE
COOBKTR
00821 |
L0071
LO00TA0
000714 |
00730
L OO0ENY
000704
00733
000704
L0719
00714
00714
L 000730
. O00THA
L0724
LBONTH0
L GODKTS
L ONTHS
KT

xle

0. 1077

L1138

0. 0338
L0346
L0354
L0362
L0369
477
03RS
L0442
L0400
L0408
L0415
423
L0431
L0438
L0446

OO0
O
011
012
L0015
L0018
022
L25
L 028
L0031
L0034
N1
L (HHO
L0043
N
L0064
LO0R2
0064
b thrs
L0KS
- hoy2
LOHN
L0108
LOLTA
L0123
L0131
L018N
L0146
ISR
L0162
LY
L0177
LO1RA
L0192
L0200
L0208
L0215
L0228
L0231
L0287
L0254
L0262
L0269
277
U285
L0202
L0300
U308
L0315
L0323
-0331
L1338
L0346
0354
L0362
036y
37T
L8RS
L1392
L O4n}
L0408
L0415
L0428
L0431
R 5h]
L0446
L0454
L0462

(1 000791
LO007N6
L0827
L0765
L OV07NG
LODORTN
L ODORAT
L0R32
L DDOR4T
L DDORNS
L0042y
L 00429
- DOOYRD
L OOgRY
L0102

L D00OHY
L HOON37
L0730
L D00730
L 00UTHG
LDOOR0T
L D00R0G
LOO0RTH
LO0UR52
L (N0K6Y
L OUOKTEG
RLITEE
LOUOY44
L 000Y5Y
LONOY3Y
RUNEY
001D
L001ES
NLUS
L0120
00120
0117
L0111
RLUSES
20
REORE!
S0124
NLUGAE
NLUSE
L0120
00120
L0012
RUDE
RUBY
RUBIE
Lholnd
L 00045H4
LORGT
NEGILL
RULIRA
L O00R27
L BOUN2T
L DOUNS(HY
L(ONTTH
L 0O0N32
U
SONBTHH
LOD076S
L OUOSTEH
LOTHS
CANRYTHH
LO00R27
000821
00776
L00RTS
L O08Y3
SUO0R42
L00KE2
RUCEH
L0821
L DUOBON
(ORTS
L DDOYOS
- ODORG3
L ONOYAY
LO0T06
L00WH
NGNS

(

1




62

TECHNICAL REPORT R-66- -NATIGNAL AERONAUTICS AND SPACE ADMINISTRATION

TABLE [ -TABULATION OF DATA FROM DENSITOMETER -~Continued

5 in.y —Continued

(a) Arrangement B: Values obtained in Cartesian coordinates (chord=6
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TABLE T—TABULATION OF DATA TROM DENSITOMETER—Continued

0 Arrangentent B: Values obtained in Cartesian coordinates (chord=6.5 in.) —Continued
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TABLE I.—TABULATION OF DATA FROM DEXNSITOMETER—Continued

(¢) Arrangement B: Values obtained in Cartesian coordinates (chord=6.5 in.)—Continued
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TABLE I.- TABULATION OF DATA FROM DENSITOMETER- - Continued

(e) Arrangement B: Values obtained in Cartesian coordinates (chord=6.5 in.) ~-Continued
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() Arrangement B: Values obtained in Cartesian eocrdinates (¢hord=6.5 in.)—Coneluded
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TABLE II. ¢°, ¢, AND ¢ AS FUNCTIONS
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A STUDY OF THE ASYMMETRIC TRANSONIC FLOW PAST A SHARP LEADING EDGE 6
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